A comparison of Wellhead Protection area delineation methods at Larimore, North Dakota by Sahl, Barbara L.
University of North Dakota
UND Scholarly Commons
Theses and Dissertations Theses, Dissertations, and Senior Projects
1994
A comparison of Wellhead Protection area
delineation methods at Larimore, North Dakota
Barbara L. Sahl
University of North Dakota
Follow this and additional works at: https://commons.und.edu/theses
Part of the Geology Commons
This Thesis is brought to you for free and open access by the Theses, Dissertations, and Senior Projects at UND Scholarly Commons. It has been
accepted for inclusion in Theses and Dissertations by an authorized administrator of UND Scholarly Commons. For more information, please contact
zeineb.yousif@library.und.edu.
Recommended Citation




A COMPARISON OF WELLHEAD PROTECTION AREA 
DELINEATION METHODS AT 
LARIMORE, NORTH DAKOTA 
by 
Barbara L. Sahl 
Bachelor of Arts 
University of Colorado-Denver, 1989 
Bachelor of Science 
Colorado State University, 1980 
A Thesis 
Submitted to the Graduate Faculty 
of the 
University of North Dakota 
in partial fulfillment of the requirements 
for the degree of 
Master of Science 
Grand Forks, North Dakota 
August, 1994 
() 
This thesis, submitted by Barbara L. Sahl in partial 
fulfillment of the requirements for the Degree of Master of 
Science from the University of North Dakota, has been read 
by the Faculty Advisory Committee under whom the work has 
been done and is hereby approved. 
~J-d~ Ph'ip ~ Gerla 
(Chairman) 
~ 4 ::Jfu<:z:az:i 
els F. Forsman 
This thesis meets the standards for appearance, 
conforms to the style and format requirements of the 
Graduate School of the University of North Dakota, and is 
hereby approved. 







A Comparison of Wellhead Protection Area 
Delineation Methods at Larimore, North Dakota 
Geology and Geological Engineering 
Master of Science 
In presenting this thesis in partial fulfillment of the 
requirements for a graduate degree from the University of 
North Dakota, I agree that the library of this University 
shall make it freely available for inspection. I further 
agree that permission for extensive copying for scholarly 
purposes may be granted by the professor who supervised my 
thesis work or, in his absence, by the chairperson of the 
department or the dean of the Graduate School. It is 
understood that any copying or publication or other use of 
this theis or part thereof for financial gain shall not be 
allowed without my written permission. It is also 
understood that due recognition shall be given to me and to 
the University of North Dakota in any scholarly use which 




TABLE OF CONTENTS 
LIST OF FIGURES 




Purpose and Scope of 
Study Area .... . 
Related Work ... . 
GEOLOGY AND HYDROGEOLOGY 
Geology . . . . 




Field Methods . . 
Observation Wells 
Water Levels 
Slug Tests .. . 
Aquifer Parameters ........... . 
Hydraulic Conductivity/Transmissivity 






Recharge ....... . 
Municipal Water Production 
Horizontal Flow Assumption 
WELLHEAD-PROTECTION AREA DELINEATION METHODS: 
Arbitrary-Fixed Radii .......•. 
Calculated-Fixed Radii ........ . 
WELLHEAD-PROTECTION AREA DELINEATION METHODS: 
Analytical/Semi-analytical Methods 
RES SQC . . . . . . . . . . . . . 







































WELLHEAD-PROTECTION AREA DELINEATION METHODS: III 45 
Numerical Methods 45 
MODFLOW 46 
SURFER . 49 
GWPATH . . . . . . 51 
Analysis . . . . . 52 
WELLHEAD-PROTECTION AREA DELINEATION RESULTS 
Fixed Radii Methods ...... . 
Arbitrary Fixed Radii • . . . 
Calculated Fixed Radii ..... . 
Analytical/Semi·Analytical Methods 
RESSQC . • . . • . . . . . • . . 
GPTRAC (semi-analytical option) 
MODFLOW/SURFER/GWPATH .... 
DISCUSSION . . . . . . . . . . . . 
Arbitrary Fixed Radius Method 
Calculated Fixed Radius Method 
RESSQC . . . . . . . . . . . . 
GPTRAC (semi-analytical option) 
MODFLOW/SURFER/GWPATH . . • . . .. 
Comparison of Analytical and Numerical Methods 












































Location of study area and major aquifers 
in Grand Forks County, North Dakota. 
Block diagram showing general surface and 
subsurface features .......... . 
3. Location of Glacial Lake Aggasiz and major 
deltas Arndt, 1977) ........... . 
4. West to east structural cross-section along 






5. Diagram showing the a) simplified and b) realistic 
cross-sectional view of a cone of depression .... 13 
6. Water table map from October 1991, Larimore, 
North Dakota. . . . . . . . . . . . . . . . . 14 
7. Soils of the study area, Larimore, North Dakota 15 
8. Locations of observation wells, Larimore, 
North Dakota. . . . . . . . . . . . . . . . . . . . 18 
9. Typical design of a North Dakota State Water 
Commission observation well ............ 22 
10. Drawing of a 0.75-inch black steel pipe 
drive point ............. . • • • • • 2 9 
11. Map showing location of slug and specific 
capacity tests, Larimore, North Dakota ..•.... 30 
12. Stream drainage patterns of Grand Forks 
County. The Elk Valley aquifer boundary is 
coincident with the area of coarse textured 
drainage (Hansen, 1970, plate 2) .......... 34 
13. vertical gradients and water levels in well 
nests at Larimore, North Dakota ..... . 38 
14. Wellhead protection areas using the arbitrary 
fixed radius method. Radii are 200 and 400 feet. 40 
vi 
F 
15. Drawing of a calculated fixed radius wellhead 
protection area (USEPA, 1987) . . . . . . . , . . 42 
16. Calculated fixed radius wellhead protection 
areas using porosities of 0.15, 0.25, and 
0.35 at a) 10 and b) 25 years ..... . • • • 4 7 
17. Drawing of a composite cone of depression in 
a dipping, planar water table. . . . . . . .. 48 
18. Generation of an x-year capture zone using 
reverse pa thlines . . . . . . . . . . . • . . 5 O 
19. with 
and 
Graphs showing capture zone areas 
changes in hydraulic conductivity 
porosity at a) 10 and b) 25 years . . . 54 
20. RESSQC 25-year capture zones using hydraulic 
conductivity of 40, 70, and 100 ft/day. 
Porosity is 0.25. . . . . . . . . . . . . . . .. 55 
21. RESSQC 25-year capture zones using porosity 
of 0.15, 0.25, and 0.35. Hydraulic 
conductivity is 70 ft/day ........ . 
22. Graphs showing capture zone areas with changes in 
hydraulic conductivity and porosity at a) 10 and 
. 57 
b) 25 years and 6.5Dxl0' ft/day recharge ...... 58 
23. Graphs showing capture zone areas with changes in 
hydraulic conductivity and porosity at a) 10 and 
b) 25 years and 1.17xlO·' ft/day recharge. . . . . . 59 
24. Graphs showing capture zone areas with changes in 
hydraulic conductivity and porosity at a) 10 and 
b) 25 years and 2. 50xlO·' ft/day recharge. . . . 61 
25. GPTRAC 25-year capture zones using hydraulic 
conductivity of 40, 70, and 100 ft/day. 
Porosity is 0.25 and recharge is 1.17xlO·' ft/day .. 62 
26. GPTRAC 25-year capture zones using porosity 
of 0.15, 0.25, and 0.35. Hydraulic conductivity 
is 70 ft/day and recharge is 1.17x10' ft/day. . .. 63 
27. Graphs showing capture zone areas with changes in 
hydraulic conductivity and porosity at a) 10 and 
b) 25 years and no recharge. . . . . . . . . 64 
28. MODFLOW grid used for simulating the cone of 





29. An exarnp e of a MODFLOW composite cone of 
depressi n, Larimore, North Dakota .... 
30. nerated water-table map from October, 
66 
imore, North Dakota. . . . . . . . . 67 
31. e of a SURFER-generated water-table 
superimposed cone of depression. . .. 68 
32. Prepumpi g maps at a) 40, b) 70, and, 
c) 100 f /day . • . . . . . . . . . . . . 
33. Graphs sowing capture zone areas with changes in 
hydrauli conductivity and porosity at a) 10 and 
70 
b} 25 ye Recharge is implicit ......... 72 
34. MODFLOW/ URFER/GWPATH 25-year capture zones using 
hydrauli conductivity of 40, 70, and 100 ft/day. 
Specific yield is 0.175 and porosity is 0.25 .... 73 
35. MODFLOW/ URFER/GWPATH 25-year capture zones using 
specific yield of 0.105, 0.175, and 0.245. 
Porosity is 0.15, 0.25, and 0.35, respectively. 
Hydrauli conductivity is 70 ft/day ........ 74 
36. Comparis n of capture zones at 10 years. 
Hydrauli conductivity is 40 ft/day. Porosity 
is 0.35 ...................•. 75 
37. Comparis n of capture zones at 10 years. 
Hydrauli conductivity is 100 ft/day. Porosity 
is 0.15 ...................... 75 
38. Comparis n of capture zones at 25 years. 
Hydrauli conductivity is 40 ft/day. Porosity 
is 0.35 ...................... 85 
viii 
r - -· - -----------------
LIST OF TABLES 
Table Page 
1. Summary o specific capacity tests at Larimore. 23 
2. Summary o estimated values of hydraulic 
conducti v ty. . . . . . . . . . . . . . . 
3. Recharge stimated using the Blaney-Criddle method 
26 
(1951), 1 87-1991 . . . . . . . . . . . . . 31 
4. Input dat for calculated-fixed radius method 
5. Area of PAs, calculated-fixed radius method 















unities in North Dakota rely on water from 
fined aquifers that are vulnerable to 
A strategy to protect public groundwater 
delineation of wellhead protection areas 
the area which contributes water to a well. 
Several ation methods are available, all of which have 




delineation methods were compared to 
the aquifer/well system while 
preserving e sential hydrogeologic features. A simple 








Sensitivity of each to changes in values of 
specific yield, porosity, and 
also evaluated. 
site was the municipal wellfield at Larimore, 
Three wells tap the shallow, unconfined Elk 
The water table is 1 to 25 feet below the 
base of the fine to medium sand aquifer is 7 
X 
specific 
(AFR) and calculated fixed-radius (CFR) 
ce circular WHPAs. The AFR does not use site-
, and the CFR varies only with porosity. 
The sem··analytical models, RESSQC and GPTRAC, generate 
WHPAs using implified flow fields based on aquifer and well 
varied with 
( s) , 
head 
MODFLOW is c 











tracking. The shape and position of 
sensitive to changes in K. GPTRAC WHPAs 
hanges in K, porosity, and recharge. 
LOW/SURFER/GWPATH (MSG) method combines a 
undwater flow model (M), a contouring program 
rticle-tracking program (G). The hydraulic 
tion from a cone of depression generated by 
with digital map of known heads for use 
The size, shape, and location of MSG 
and specific yield. Recharge is 
he hydraulic head map. 
closely represented the aquifer/well system 
d to produce the most accurate WHPAs. Neither 
method was realistic for the aquifer at 
SSQC and GPTRAC, without recharge generated 
re too large. GPTRAC with recharge generated 
produced by MSG and is probably 
the simple system at Larimore. 
wellfield and aquifer are typical of many 
on water from shallow aquifers. These 
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Amendments to the Safe Drinking Water Act 
(SDWA) encou age states to adopt wellhead protection 
programs to afeguard public groundwater supplies. An 
integral of the program is the establishment of 
protective a eas around public water supplies. A wellhead 
protection a ea (WHPAs) is defined in the amendments as "the 
wellfield, 
area surrounding a water well or 
public water system, through which 
contaminant ·are reasonably likely to move toward and reach 
such water or wellfield. 11 This is similar to the 
definition capture zone, which is the area over which a 
well derive groundwater, and the terms are often used 
interchange In practice, however, the term WHPA is 
often used s a legal or administrative device and does not 
always spend to a hydrogeologically determined capture 
zone. is used here to represent any designated 
protective rea around a well or wellfield. 
WHPAs is important. In 
instances ere too few data or only limited resources are 





safeguard p lie groundwater supplies or may be 
unnecessaril large. 
Purpose and Scope of Study 
The objective of this study is to compare 
several diff rent methods of WHPA delineation for a simple, 
unconfined a 
simplifying 
ifer system. All models, by necessity, have 
ssumptions that vary from model to model. The 
effects oft ese assumptions on the size, shape, and 
position of he resulting WHPA will be determined and 
discussed. 
ndary objective is to evaluate the sensitivity 
of to changes in assumed values of hydraulic 
conductivity porosity, specific yield, and recharge. 
Because data are expensive and time-consuming to 
obtain, estimated. These parameters pertain 
to the f groundwater movement, the amount of water 
stored a given volume of aquifer, and the rate at 
which the a ifer gains water from infiltration. 
Study Area 
The 25- study area surrounds the town of 
Larimore est-central Grand Forks County, North Dakota 
(figure 1). Larimore is a small farming community with a 
population o about 1500. Area crops are mostly potatoes, 
spring wheat and dry edible beans. 
source of water for the city is the shallow, 
unconfined Ek Valley aquifer. While any such aquifer is 
'1 
/ 
-- - - - ~-------------
3 







Figure 1. Location of study area and major aquifers in 
Grand Forks County, North Dakota (modified from 




vulnerable to conta.,~ination, the risk at Larimore is 
compounded by the design of its wellfield; all three 
production we ls are within 500 feet of one another (figure 
2}. A single spill or release of contaminants might affect 
all three wel s. To the south and upgradient of the 
wellfield are two highways, a rail line, and several 
agricultural torage and retail facilities. Also south of 
town are sev ral center-pivot irrigators with chemical 
irrigations stems which introduce fertilizers directly into 
irrigation 
introducing 
the soil col 
equipment re 
the well. 
ter at the center pivot. Potential routes for 
into the aquifer are recharge through 
, or a malfunction of well or irrigation 
in back-siphoning of chemicals through 
Related Work 
evaluated three models in a study of 
nontime-rela ed capture zones for a single well in a 
hypothetical glacial-drift, river-valley aquifer in a 
humid New E land climate. The hypothetical study area 
consisted of stratified glacial drift, zero to 100 feet 
thick, that partly filled a long, linear, glacially modified 
valley. Th valley was one mile wide with a perennial river 
flowing alo g the valley axis. A pumping well drew water 
from aquife storage and induced recharge from the river. 
Analyt cal and two- and three-dimensional numerical 





Figure 2. Block diagram showing general surface and 
subsurface features of the Larimore study area. 
Bold arrows show the general direction of 





applicability of each to this type of aquifer. Morrissey 
concluded the two-dimensional numerical method was adequate 
for most sirni ar aquifers. The analytical method simplified 
boundary cond'tions to the point where the model did not 
resent the aquifer and resulted in an 
of capture zone size. When vertical 
anisotropy w s assumed to be low and the aquifer less than 
100 feet thi the two- and three-dimensional numerical 
similar capture zones. The disadvantage of 
using the th ee·dimensional model in this situation was the 
larger inves data and time. 
While t are many similarities, the situation at 





e is no induced recharge from surface water, 
wells in close proximity, and the 
at Larimore is an order of magnitude 
In a dy of a leaky confined carbonate aquifer in 
Ohio, Bair ad Roadcap (1992} and Roadcap (1990) generated 
time-relate capture zones using two-dimensional analytical 






Each model was coupled with a 
or stream-function program, which 
zones by tracking imaginary water 
in time and space (reverse tracking) from 
specified length of time. 
, r 
7 
The s i-analytical method overestimated the area of a 
ture zone by a factor of nearly two. As in the 
study by issey (1987), the model simplified aquifer and 
boundary itions to the extent that the resulting capture 
zone was The analytical and numerical models, 
which more c osely approximated the aquifer flow system and 
boundaries, 
zones (Bair 
enerated comparable and more tenable capture 
nd Roadcap, 1992; Roadcap, 1990). 
to 
ogeology of the Larimore site was more similar 
considered by Morrissey (1987) than that of 
(1992). There are three important aquifer 
characteristics at the Ohio site that are not found at 
Larimore: 1) the aquifer is semi-confined and hundreds of 
feet thick; ) there is induced recharge from surface 
important i 
buried-vall 
Bair and Ro 
a reasonabl 
complexly 1 
only be ade 
areal recharge from precipitation is not an 
to the aquifer. 
similar study of an Ohio stratified-drift, 
aquifer, using the same computer models as 
Springer and Bair (1992) found that the 
numerical model was required to represent 
capture zone. The aquifer, consisting of 
ered clays, silts, sands, and gravels, could 
ately represented with the more versatile 
three-dimen ional numerical model. 
r 
approximatel 
of the Turtl 
one of very 
trending bea 
(Hansen and 
GEOLOGY AND HYDROGEOLOGY 
Physical Setting 
is in the Turtle River drainage basin 
1 mile south of the east-flowing South Branch 
River. The land surface in the study area is 
ow relief, broken by a low, south-easterly 
the east and southeast of Larimore 
plate 1). The general slope of the 
land is tote northeast. There are very few stream 
channels and no lakes or wetlands in the study area (Hansen 
and Kume, 19· 0, plate 2). 
Approxi ately 4 miles west of Larimore the land surface 
rises, relat vely abruptly, to 50 to 70 feet higher than the 
study site. Relief is low to moderate and surface drainages 




in the south 
Geology 
overlies a small part of the late-Pleistocene 
lta (figure 3). Average sediment size range 
n the north end of the Elk Valley delta to silt 
Deposition of sediments occurred along the 
western edge of glacial Lake Agassiz, forming a delta 
(Hansen and ume, 1970; Upham, 1896, p. 334) or an underflow 
8 






































(Aller Arndl, 197 7) 
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fan (Fenton ad others, 1986). Underflow fans form in 
ironments near glacial melt-water inlet 
the bed load of turbid, underflow currents is 
deposited in layers that are relatively better sorted than 
fluvial delt 
The del fine to medium, shaly to quartzose 
sand, rangin from 7 to 62 feet thick (figure 4) (J. Patch, 
ND State Wat r Commission, unpub. data, 1992). Sediments 
are laminate with relatively shaly and quartzose layers 
each about 0.10 inch thick. Overlying the delta sediments 
are disconti uous deposits of relatively more silty and 
Beneath the sand is a layer of silty lake sediments 
ranging from 5 to 60 feet thick. Below the silt is a layer 
of till. Th till was fully penetrated by only one well 
(Smt s~ smt sec. 19, T. 151 N., R. 54 w.), drilled by the 
North Dakota State Water Commission, and was reported to be 
139 ft thick (J. Patch, ND State Water Commission, unpub. 
data, 1992). The till overlies Cretaceous shale, probably 
the Belle rche Formation, but possibly the Greenhorn 
Formation nsen and Kurne, 1970). 
Hydrogeology 
The Elk Valley aquifer lies within the delta sands 
(Kelly and P ulson, 1970). The aquifer is shallow, thin, 
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Figure 4. West to east structural cross-section 
south of Larimore, North Dakota. (Subsurface 
data from J. Patch, ND State Water Commission, 
unpub. data, 1992 and Kelly, 1968.) 
table ranges 
base of the s 
12 
to 25 feet below the surface, while the 
23 to 69 feet deep (J. Patch, ND State 
Water Commiss·on, unpub. data, 1992). 
Regional flow in the aquifer is easterly (Kelly, 1968), 
but around imore the flow is generally northeasterly 
(figure 5) du to the influence of the Turtle River and 
local topogra hy (J. Patch, ND State Water Commission, 
unpub. data, 992). Water level measurements in four well 
nests (figure 6) indicate that flow is generally horizontal 
throughout study area. 
There insufficient data available on groundwater 
flux ifer around Larimore to determine a 
quantitative. ater budget for the area. However, major 
losses to th are discharges to the Turtle River, to 
evapotranspi in areas where the water table is high, 
and to pumpi municipal, agricultural, and domestic 
uses. ant sources of recharge include infiltration of 
precipitatio and groundwater and surface-water runoff from 
lands to the west. 
Soils 
Almost predicted WHPAs lie on soils of the 
Embden serie {figure 7). The Embden series is described as 
moderately w drained and moderately rapidly permeable 
fine sandy 1 to loamy fine sand. Some of the larger 
r: 

















Figure 5. Water-table map from October 1991. Solid circles 
are water-table control points, triangle is 
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Figure 6. Location of observation wells. Well nests are 



















Figure 7. Location of the Embden soil series. Other 
series include the Arveson, Walsh, Helca-Maddock, 
Tiffany, Inkster, and Wyndmere-Tiffany series 





WHPAs includ small areas of the Arveson, Walsh, Helca-
Maddock, Tifany, Inkster, and Wyndmere-Tiffany series 
soils. All re moderately to rapidly permeable (Doolittle 
and others, 
Field Methods 
Because of the expense of collecting subsurface 
geological ad hydrological data, existing wells and 
information ere used whenever possible. By the end of the 
study, 32 we ls at 28 sites were available (figure 6). 
Appendix A gives details on well location and construction. 
Within four miles of Larimore, the North Dakota State 
water 
There are 
has 19 observation wells at 17 sites. 
o well nests; one less than 0.5 miles north of 
town(~ ~ sec. 7, T. 151 N., R. 54 W.) and the other 
and 2.5 miles east of town (S~ s~ SE~ sec. 
28, T. 151 ., R. 54 w.). All 19 wells were constructed 
diameter polyvinyl chloride (PVC) casing with 
5-foot, #12 (0.012-in. slot) screens. To complete the 
wells, natu al sands were collapsed around the screen and 
the 
are 
filled to the surface with grout. Most wells 
just above the silt layer. Detailed lithologic 
logs and c pletion reports are available from the North 
Dakota Sta e Water Commission in Bismarck. 
The u S. Geological Survey has a 1-inch diameter PVC 
well immed ately south of Larimore (well Ll3, NE~ NE~ NE~ 
r 
I 
sec. 13, T. 
available. 
17 
W.). Construction details are not 
private well was also used for water level 
measuremepts (~ NWU NE~ sec. 12, T. 151 N., R. 55 W.). 
There are no construction records available for this well. 
Seven O 75-inch diameter well points were installed to 
improve cont ol on water table elevations near the 
production w lls in Larimore. The wells were constructed 
from blacks eel pipe cut into 5-foot lengths and threaded 
on both ends Well screens were constructed using a 13-inch 
section of p pe threaded on one end with a 2-inch drive 
point welded on the other (figure 8). Holes, drilled into 
water. 
point, 
een the threads and point, allowed the entry of 
led piece of aluminum mesh, inserted in the 
'zed the entry of sediment. Well points were 
installed b augering to the water table with a 3.25-inch 






feet below the water table. Lithologic logs 
wells from surface to water table are 
B. Logs were not kept for all well sites. 
PVC wells were installed in two well 
is study by the North Dakota Geological Survey. 
From ptember 1990 through November 1992 water levels 
were measur the nearest 0.01 foot {Appendix C} using a 











Figure 8. Drawing of a 0.75-inch black steel pipe drive 




four times per year. Occasionally water level data could 
not be collected and missing datawere supplemented with data 
collected by the North Dakota State Water commission (J. 
Patch, ND State Water Commission, unpub. data, 1992). 
Riser elevations were surveyed using a TOPCON AT-Gl 
auto-level. Wells were surveyed in three interconnected 
loops or circles. Included in the loops were North Dakota 
State Water Commission wells with known elevations. One 
loop missed closure by 0.32 feet and the error was 
distributed evenly among the seven wells in the loop. An 
error of 0.32 feet is only 1% of the total relief among all 
observation wells in the study area and is not significant. 
Closure error was less than 0.17 ft on the other two loops 
and was neglected. The North Dakota State Water Commission 
provided survey information for its wells, all of which were 
surveyed from bench marks of known elevation {J. Patch, ND 
State Water Commission, unpub. data, 1992). 
Slug Tests 
To estimate hydraulic conductivity, slug tests were 
done on four wells (LB, Ll2, Ll4, and L16) using compressed 
nitrogen, a pressure transducer, and a data logger. TWo 
other slug tests, one removing water and the other adding 
water, were also used on well PW. 
Nitrogen slug tests use a tank of compressed nitrogen 
connected to a sealed wellhead. Gas released into the well 




same as removing water from the well. Once pressure in the 
well is released, the water level recovers as water flows in 
from the surrounding formation. The time required for the 
water level to recover is related to the average hydraulic 
conductivity of the aquifer surrounding the well screen. 
Recovery data (Appendix D) for all wells were analyzed using 
a method which accounts for partial well penetration and 
water table conditions (Bouwer, 1989; Bouwer and Rice, 
1976) . 
The use of a pressure transducer and data logger to 
record well recovery is necessary at Larimore because water 
levels recover quickly. The pressure transducer measures 
the pressure caused by the height of the overlying water 
column and relates pressure changes to changes in hydraulic 
head. The data logger records these changes more rapidly 
and more accurately than would be possible if done by hand. 
Early data were recorded at 2 second intervals, with 
intervals increasing to 30 seconds after 1.5 minutes and 60 
seconds after 5.5 minutes. In all but one test, water 
levels recovered fully within three minutes and often in 
much less time. 
Aquifer Parameters 
Hydraulic Conductivity/Transmissivity 
Pumping Test. The only documented aquifer pumping test 
in the area was conducted by the North Dakota State Water 
Commission at a well near Mccanna, nine miles north-
21 
northwest of Larimore. Results showed a transmissivity of 
8556 ft'/day and a storage coefficient of 0.19 (Kelly and 
Paulson, 1970). For an unconfined aquifer, transmissivity 
is assumed to be the product of average saturated thickness 
and hydraulic conductivity. Using the static water level 
and aquifer depth for the test site, hydraulic conductivity. 
at Mccanna is estimated to be approximately 155 ft/day. The 
well at Mccanna is completed in sediments described as 
moderately well sorted, gravelly, fine to coarse sand. This 
compares to a poorly to moderately poorly sorted medium sand 
at Larimore (Kelly and Paulson, 1970; J. Patch, ND State 
water Commission, unpub. data, 1992). In view of the 
relatively poorer sorting and finer grain size at Larimore, 
155 feet/day may be considered an upper limit on estimates 
of hydraulic conductivity. 
Specific Capacity. Specific capacity data for brief 
aquifer tests within 1320 ft of the Larimore municipal wells 
(figure 9), in city test wells, are given in table 1 (Kelly 
and Paulson, 1970, p. 30). An empirical relationship 
developed by Driscoll (1986, p.12), based on the modified 
nonequilibrium groundwater flow equation (Jacob, 1950), can 
be used to estimate transmissivity or hydraulic 
conductivity. Using the data in table 1, hydraulic 
conductivity is estimated to be 48 ft/day and 64 ft/day, 













a Slug tests 
I mile 
& Specific capacity tests 
L/2 • 
Figure 9. Location of slug and specific capacity tests. 
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Table 1. Summary of specific capacity test results at 
Larimore (Kelly and Paulson, 1970, p.30) 
May 1964 October 1964 
Well Depth ( ft) 58 60 
Aquifer Interval ( ft) 25·58 19·60 
Screened Interval ( ft) 53-58 43-60 
Pumping Rate (gpm) 100 205 
250 
Duration (mins) 1440 1200 
240 
24-hr Specific 6 8 
Capacity 
(gpm/ft drawdown) 
1970). Both of these specific capacity tests lasted only 
24hours and the results probably underestimate hydraulic 
conductivity. This is due to the relatively slow, 
verticaldrainage of groundwater in the cone of depression 
resulting in greater-than-expected drawdown for a given 
discharge. 
Slug Tests. To obtain additional site-specific data on 
hydraulic conductivity, six slug tests were analyzed for 
four observation wells near the municipal wells (figure 9). 
Results indicated a range of hydraulic conductivity from 1 
to 40 feet/day. The lowest values are likely a function of 
well construction or development rather than aquifer 
characteristics. The construction of well L8 causes the 
I i 
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well screen to be less transmissive than the aquifer. Both 
slug test results on well L12 are also probably too low. 
Unlike wells L14, L16, and PW, well L12 was never developed. 
Drilling mud and fine-grained sediments in the formation 
near the well bore may have limited water flow into or out 
of the screen, resulting in fictitious hydraulic 
conductivity values. Drilling logs (Appendix B) show no 
differences in lithologies among the wells. The range of 
hydraulic conductivities is narrowed considerably if the 
lowest values, from LS and L12, are considered 
unrepresentative of the aquifer. 
The three remaining values, ranging from 30 to 40 
feet/day, appear to be reasonable estimates. However, slug 
tests measure aquifer parameters in a relatively small 
volume immediately surrounding the well screen. 
Larger-scale heterogeneities (e.g., coarse-grained strata, 
buried channels, fractures) which may increase overall 
hydraulic conductivity may be missed (Bradbury and Muldoon, 
1990). 
When measuring hydraulic conductivity in unconsolidated 
sediments, the smaller the volume of aquifer tested, the 
lower the resulting calculated value of hydraulic 
conductivity {Bradbury and Muldoon, 1990). Slug tests 
sample a volume of aquifer much smaller than the cones of 
depression formed by the pumping city wells. Hydraulic 
conductivities estimated from slug tests should, therefore, 
--- ---- -- -- -----------------, 
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be considered a minimum value for the aquifer in the 
vicinity of Larimore. 
MODFLOW. A third approach to estimating hydraulic 
conductivity involved modeling groundwater flow around 
Larimore with the U.S. Geological Survey•s Modular 
Three-Dimensional Finite-Difference Ground-Water Flow Model 
(MODFLOW) (McDonald and Harbaugh, 1988). MODFLOW simulates 
changes in aquifer storage and flow into, through, and out 
of an aquifer. 
Hydraulic conductivity was estimated by assigning best 
estimates to all other aquifer parameters (specific yield, 
pumping rates, aquifer thickness) then varying values of 
hydraulic conductivity and recharge until hydraulic heads in 
the simulated water table matched the actual water table as 
closely as possible. Most simulated water levels were 
within a foot of October, 1991 field-measured water levels. 
October was chosen because of the completeness of the 
available data. Given the fixed aquifer parameters it was 
impossible to match field measured heads using a hydraulic 
conductivity similar to that obtained with slug tests. When 
hydraulic conductivity was raised to 100 feet/day a close 
match was obtained. It should be noted that other 
combinations of input parameters could produce an identical 
head distribution. 
Estimated values from all three methods (table 2) fit 
within the range reported for fine sand (Davis, 1969; Freeze 
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and Cherry, 1979; Keech, 1964). It is unlikely that 
hydraulic conductivity at Larimore is as high as 155 ft/day 
or as low as 34 ft/day. In calculating time-related capture 
zones, values of 40, 70, and 100 feet/day, were chosen to 
bracket a probable value of hydraulic conductivity for the 
Elk Valley aquifer near Larimore. Capture zones were 
delineated using all three values. 
Table 2. Summary of estimated values of 
hydraulic conductivity. 
Method Range of Values (ft/day) 









Reported values of porosity in unconsolidated sediment 
cover a wide range. Davis (1969) reports values for 
unconsolidated sands which vary from 0.33 to a.so. An 
aquifer in mixed very fine to fine pebble outwash deposits 
was reported to have porosities in the 0.33 to 0.39 range 
(Knott and Olimpia, 1986). Porosities of disturbed samples 
from a surficial, medium to coarse sand aquifer, deposited 
by either glacial meltwater streams or offshore in a glacial 
lake, ranged from 0.36 to 0.44 (Stoertz and others, 1991). 
Springer (1992) chose a porosity of 0.20 for a sand and 
gravel outwash deposit without explanation or reference. A 
range of porosities (0 .15 ,. 0. 25, and O. 35) were used for the 
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Elk Valley aquifer to determine the sensitivity of the 
capture zone delineation methods to changes in this 
parameter. 
Specific Yield 
Few data relating specific yields to porosities are 
available. Aquifers composed of sediments coarser than 
those of the Elk Valley have specific yields from 66 to 73% 
of porosity (Knott and Olimpia, 1986). A review of several 
California studies (Johnson, 1967) showed specific yield 
ranging from 60-80% of porosity. Using this information as 
a guideline, specific yield for this study was considered to 
be 70% of porosity. The resulting specific yield values are 
0.105, 0.175, and 0.245. These values fall within reported 
ranges for fine sand to silty fine sand (Johnson, 1967). 
Recharge 
Studies of recharge in localities similar in climate 
and geology to the Elk Valley delta show that recharge tends 
to be depression focussed and occurs predominately in the 
spring or early summer (Lissey, 1971; Schuh and others, 
1993; Sophocleous and Perry, 1985). Depressions concentrate 
and hold precipitation and runoff until it can infiltrate. 
The concentration of recharge in the spring and early 
summer is a result of two factors. Water stored over the 
winter as snow melts and infiltrates in the spring. At the 
same time evapotranspiration rates are low. Recharge at 
Larimore probably occurs in a similar manner. Very few 
-- ----------------, 
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natural drainage channels cross the sandy, gravelly 
sediments of the Elk Valley delta (figure 10), indicating 
that infiltration is relatively more important than surface 
runoff. Although well nests near Larimore did not show 
large changes in vertical gradients, water levels rose in 
June and July of 1991 and in spring of 1992 (figure 11). 
This may indicate recharge occurred via when groundwater 
mounds developed beneath topographic depressions. As the 
mounds dissipated, water levels rose in the surrounding 
area. Depressions with as little as a few centimeters of 
relief may be foci of recharge (Schuh and others, 1993). 
Recharge at Larimore was estimated indirectly by first 
estimating monthly evapotranspiration from meteorological 
and crop data (Blaney and Criddle, 1950), then subtracting 
that amount from monthly precipitation. During the growing 
season, when evapotranspiration exceeded precipitation, it 
was assumed that no recharge occurred. During other months 
when evapotranspiration was less than precipitation, the 
remaining moisture was considered available for recharge 
either inunediately or in the future, probably during the 
spring thaw. Total precipitation considered available for 
recharge was divided by 365 to obtain an annualized daily 
recharge (table 3) in feet per day. The highest, average, 
and lowest values (2.5 x 10', 1.17 x 10·•, and 6.Sx 10·• 
ft/day) from 1987 to 1991 are considered to represent 
possible long-term average annual recharge for this study. 
i ... 
'i ' ~·· 1 • 
Figure 10. 
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Stream drainage patterns of Grand Forks County. 
The Elk Valley aquifer boundary is coincident 
with the area of coarse textured drainage 
(Hansen, 1970, plate 2). 
Figure 11. 
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Wells L7 - L8 (Good Samaritan Home) 
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The most serious limitation of the Blaney-Criddle 
method is the assumption that all moisture not evaporated or 
transpired during the growing season is available as 
recharge to the aquifer. Results of such a calculation 
willalmost certainly exceed actual recharge. The condition 
of the fields (e.g. presence of stubble or shelter belts, 
surface roughness) in fall will affect the amount of snow 
trapped in an area. Additionally, some moisture stored as 








Recharge estimated with the 








These calculations also assume that all land is cropped 
in potatoes. A literature search found potatoes to be the 
only crop factor appropriate to the Red River Valley. The 
crop factor relates crop growth stage and habit to potential 
evapotranspiration. The effect on the estimate of recharge 
is not known. However, the fact that the Blaney-Criddle 
(1950) formulae can be tailored to specific areas and crops 






Municipal Water Production 
· Production of water from the city wells during 1987 
through 1991 varied considerably (Appendix E}. On any given 
day only two of the three wells are pumped. The resting 
well is rotated on a daily basis. Depending on demand, 
wells are pumped from 10 to 16 hours/day (H. Godsey, 
Larimore Water Plant Manager, oral commun., 1992). With 
this schedule, groundwater near the pumping wells will not 
be at steady-state. However, the 10- and 25-year duration 
of these capture zone analyses results in most pumped water 
coming from distances beyond the effect of daily water level 
changes due to pumping. Therefore, over the long terms of 
capture zone delineations short-term variations in the 
wellfield should be insignificant and flow will approach 
steady-state. 
This periodic and variable pumping rate also 
complicates the choice of discharge rate to use in a model. 
Only one of the models used in this study, MODFLOW, can 
accommodate discontinuous and variable pumping. The other 
models assume continuous pumping. To maintain equivalence 
in input data the same production rate was used for each 
model. A value of 8000 ft'/day/well, which is close to both 
the mean and median daily production values, was chosen to 
represent long-term conditions. 
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Horizontal Flow Assumption 
To simplify capture-zone analysis the base of the 
aquifer is assumed to be the base of the sand and the 
contribution of water from the silt is assumed to be 
negligible. To justify this assumption a two-layer, 
numerical model with one pumping well was used to estimate 
the relative contribution of water to the well from each of 
the layers. 
Similar to the situation at Larimore, the well was 
screened in an upper, high hydraulic conductivity (100 
ft/day} layer and pumped at 8000 ft'/day for 400 days 
(figure 12}. A hydraulic conductivity 0.01 ft/day for the 
lower layer was estimated for the the silt layer present 
beneath the sand at Larimore (Fetter, 1988, p. 80). 
Using Darcy's Law and the model hydraulic gradient 
between the layers, the amount of vertical specific 
discharge out of the silt can be estimated by 
e = K 1 (h.-h)/b 1 
where K1 and b' are the hydraulic conductivity and thickness 
of the silt. The average head of the silt is h. and the 
average head in the sand layer is h (Fetter, 1988, p. 135). 
Because the quantity h.-h varies from the center of the cone 
of depression outward the vertical specific discharge was 
computed in concentric zones around the well. The specific 
discharges from each zone, when added together, totaled 10·• 



















Map view (a) of the MODFLOW grid used for 
vertical flow analysis and Cb) cross-sectional 
view. Solid cell locates the pumping well. 
Vertical exaggeration of the cross-section is 
approximately six times. 
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derived from the sand and water contribution from the silt 
was negligible. 
' ! 
METHODS AND APPROACH 
The five WHPA delineation methods evaluated in this 
study were applied to the Larimore municipal wellfield to 
estimate 10· and 25-year WHPAs. Hydrogeological and 
production well parameters used in each method were drawn 
from the same data set, which was developed from field 
studies and discharge records described in the previous 
chapter. Sensitivity analysis of each model was carried out 
using a probable range of hydraulic conductivity, porosity, 
and recharge. 
Fixed-Radii Methods 
Arbitrary Fixed Radii 
This method requires only the application of a circle 
of arbitrarily specified radius around each producing well 
(USEPA, 1987}. Because these WHPAs are not time-related, 
the 10- and 25-year terminology does not apply. The radii 
used here, 200 and 400 feet, are commonly applied to similar 
aquifers in New England (Morrissey, 1987, p. 21). 
Calculated Fixed Radii 
The calculated fixed-radius method determines the 
radius of a cylindrical volume of aquifer required to 
produce a given discharge during a specified time (USEPA, 
36 
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1987). The top surface of that cylinder is the WHPA (figure 
13). This model assumes a horizontal water table and an 
aquifer that is fully screened, confined, homogeneous, and 
isotropic. Data required for this method and appropriate 
for the Larimore wellfield are shown in table 4. Model 
sensitivity was evaluated by changing the value of porosity; 
the computed radii do not depend on hydraulic conductivity 
or recharge. 
Table 4. Data input for calculated-fixed radius 
method. 
Pumping rate (ft'/day} 
Porosity 
Length of Screen (ft) 
Travel time (days) 
8000 




Analytical methods apply exact mathematical solutions 
to the partial-differential equations that describe 
groundwater flow. They are the most commonly employed 
techniques in WHPA delineation (USEPA, 1987). Analytical 
models usually assume steady-state flow within an aquifer 
that is homogeneous and isotropic with straight, uniform 
boundaries. Because analytical solutions require linear 
equations, constant saturated thickness must also be 
assumed. Unconfined aquifers may be modeled if drawdown in 
the pumping well is less than 10% of the aquifer thickness 
(Blandford and Huyakorn, 1991}. Using these assumptions, 












Q = Pumping Rate of Well 
n = Aquifer Porosity 
H = Open Interval or Length of Well Screen 
t = Travel Time to Well 
Figure 13. Calculated fixed radius wellhead protection area 


















the equations used to model the aquifer are amenable to 
solution through integral calculus. 
Semi-analytical methods combine an analytical solution 
for the groundwater flow field and a numerical method for 
calculating groundwater flow pathlines. This is a common 
approach since analytical solutions of equations for 
pathlines or streamlines are developed for very few 
situations (Strack, 1989, p. 311). For this study, two 
semi-analytical programs in the WHPA 2.0 package, RESSQC and 
GPTRAC (Blandford and Huyakorn, 1991), are used to delineate 
the Larimore municipal wellfield WHPA. 
RESSOC 
RESSQC constructs a mathematical model of the 
potentiometric surface (or water table) by superimposing 
analytical solutions to equations for uniform groundwater 
flow and radial flow to a well. The result is a planar, 
dipping water table with an embedded cone of depression, 
representing a producing well (figure 14). At Larimore and 
in the model, overlapping cones of depression of three 
production wells are superimposed on the regional water 
table. 
The output of the analytical part of the program is 
used as input for the numerical part which calculates a 
time-related capture zone. Using Darcy's Law, the positions 
of a specified number of imaginary water particles are 






A composite cone of 
planar water table. 
exaggerated. 
depression in a dipping, 
Vertical dimension is 
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from a pumping well for x years. The end points of these 
reverse pathlines constitute the outline of an x-year 
capture zone (figure 15) (Blandford and Huyakorn, 1991). 
RESSQC was applied to the Larimore wells to evaluate 
the resulting capture zones and test the sensitivity of the 
capture zone to changes in input values of hydraulic 
conductivity and porosity. The hydraulic gradient, 
direction of regional groundwater flow, saturated thickness, 
and all data pertaining to the pumping wells were assumed 
constant. Transmissivity, a parameter required by RESSQC, 
is the product of hydraulic conductivity and saturated 
thickness and, therefore, directly proportional to hydraulic 
conductivity. Hydraulic conductivity and porosity were 
varied for both 10- and 25-year capture zone analyses. 
Input data for RESSQC are shown in table 5. 
Table 5. Data input for RESSQC. 
For study area: 
Number of pumping wells: 
Transmissivity (ft'/day): 
Hydraulic gradient: 
Direction of regional flow: 
Porosity: 
Saturated thickness (ft): 
Time limit for WHPA (days): 
For each welli 
Discharge (ft'/day) : 
Well radius (feet): 










































GPTRAC {Semi-Analytit;il,l Option) 
GPTRAC is a modi£ied version of RESSQC that simulates 
the effects of changing saturated thickness in unconfined 
flow. A term is also added to the equation to accommodate 
areal recharge. The area over which recharge occurs is 
circular and limited by the equation 
R = (Q/nN) 1'' 
where R is the maximum radius influenced by recharge, Q is 
the pumping rate and the maximum volume of recharge 
permitted in the program, and N is the rate of recharge 
(table 6). Because the program uses a fixed recharge and 
limits recharge volume, recharge can not occur at distances 
greater than R from the pumping wells. The cone of 
depression grows until recharge balances the volume of water 
pumped from the well (Blandford and Huyakorn, 1991). Other 
than recharge, data requirements for the model (table 7) are 
the same as RESSQC (table 5). Sensitivity analysis was done 
for values of hydraulic conductivity, porosity, and 
recharge. 
Table 6. Maximum radius influenced by recharge. 
Recharge rate 
6. sox10-• ft/day 
l.17xl0' 
2. SOxlO·' 





Table 7. Data input for GPTRAC 
(Semi-Analytical Option). 
For study area: 
Number of pumping wells: 
Transmissivity (ft'/day): 
Hydraulic gradient: 
Direction of regional flow: 
Porosity: 
Areal recharge rate (ft/day): 
Initial saturated thickness (ft): 
Max radius of influence (ft): 
Time limit for WHPA (days): 
For each well: 
Discharge (ft'/day): 
Well radius (ft): 
Number of pathlines: 
3 
1280, 2240, 3200 
0.0008 
57° 
















Capture zones can also be delineated using hydraulic 
heads simulated by numerical methods. Approximate solutions 
to groundwater flow equations can be obtained by casting the 
differential equations into algebraic form. Numerical 
models can be used where complex boundaries or distribution 
of aquifer parameters precludes the use of simpler methods 
(USEPA, 1987). 
Delineating a capture zone with numerical methods 
typically requires two steps. First, a groundwater flow 
model is used to produce a distribution of hydraulic heads 
in the area surrounding the production wells. The model is 
calibrated by changing values of input aquifer parameters, 
such as hydraulic conductivity, storage, or recharge until 
calculated hydraulic heads match field-measured heads within 
a user-defined tolerance. These heads are then used as 
input in a numerical transport model which generates reverse 
pathlines from for a given time of travel. The endpoints of 
these pathlines comprise the outline of an x-year capture 
zone. 
Field measurements of water levels in the vicinity of 
the city wells lacked the detail required for particle 
tracking. To circumvent this problem, a numerical solution 
was used to estimate the hydraulic heads within the 
composite cone of depression. Results were combined with a 
map of the water table to provide sufficient resolution of 
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heads in the areas of steep gradient near the production 
wells. 
MODFLOW 
A composite cone of depression around the production 
wells at Larimore was generated using the U.S. Geological 
survey's Modular Three-Dimensional Finite-Difference 
Ground-Water Flow Model or MODFLOW (McDonald and Harbaugh, 
1988) • A 1.15x10' ft' area (approximately 4 square miles) 
around the Larimore production wells was spatially 
discretized into a one-layer, 65 x 65 cell grid with each 
cell 165 feet on a side (figure 16}. Use of one layer 
implies that flow in the aquifer is horizontal. Any effects 
from partial penetration or vertical anisotropy are, 
therefore, ignored. 
The three city wells, located near the center of the 
grid, were modeled as fully penetrating an unconfined 
aquifer. A constant head of zero feet was assigned as a 
boundary on all sides of the model. Pumping was assumed to 
continue at a constant rate for 10 years. Hydraulic 
conductivity and specific yield (unconfined storage term) 
were varied (table 8} to produce nine different composite 
cone-of-depression maps (figure 17). 
Table 8. Data input for MODFLOW. 
Hydraulic conductivity (ft/day} 
Specific yield 
Pumping rate (ft'/ day) 
Recharge (ft'/day) 
40, 70, 100 





Figure 16. MODFLOW grid used for simulating the cone of 
depression in the municipal wellfield. Dashed 
line is Larimore city limits, solid cell are 
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Although MODFLOW can be used to generate models where 
aquifer parameters are spatially variable, there was 
insufficient information available to do this and parameters 
were assigned as though the aquifer was homogeneous and 
isotropic. Transient conditions were simulated to assess 
the effects of changes in aquifer storage. 
SURFER 
The composite cones of depression estimated by MODFLOW 
were converted into SURFER-compatible (Golden Software, 
1990) grids and then added to a SURFER-generated grid 
representing the water table in the same area. Because 
drawdown from the city wells is already present in 
observation wells near the wellfield, the combined map had 
to be calibrated to match field-measured heads and 
calculated cones-of-depression. Water levels on the water· 
table map were adjusted upward on the affected wells and the 
grids were recombined until heads on the combined map 
matched field-measured heads and the cones of depression. 
This correction avoided mapping the same drawdown twice 
(figure 18). Because the map is based on observed water 
levels, and the shape of a water table is the result of all 
inputs to and outputs from an aquifer system including 
recharge, this technique implicitly includes the effect of 
recharge in the SURFER-generated contour map of the water 
table (figure 5). Because of this, recharge is not included 
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Figure 18. A SURFER-generated water-table map with 
superimposed cone of depression. 
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A representation of the prepumping water table can be 
estimated by subtracting the cone-of-depression map from the 
adjusted, combined map. The prepumping map provides a 
method to assure that the aquifer parameter used for 
calibration and size of cone of depression are appropriate. 
If the modeled cone of depression is too small, the 
prepumping map will show evidence of a cone of depression. 
If the modeled cone of depression is too large, a 
groundwater mound will be present in the area of the pumping 
wells. 
GWPATH 
The combined map produced was consistent with the 
regional water table, the cone of depression, and the field-
measured heads. Hydraulic heads in the vicinity of the 
production wells were, therefore, assumed reliable. The 
combined grid, represented by the map shown in figure 18, 
was used as input to a numerical particle-tracking program, 
GWPATH (Shafer, 1987), for determination of 10- and 25-year 
capture zones. GWPATH tracks particles using an algorithm 
similar to that used by the numerical parts of RESSQC and 
GPTRAC. Data requirements for GWPATH are shown in table 9. 
Table 9. Data input for GWPATH. 
Hydraulic conductivity (ft/day) 
Effective porosity 
40, 70, 100 









In studies where the results of different types of 
models are compared (Bair and Roadcap, 1992; Springer and 
Bair, 1992; USEPA, 1987) the numerical model is usually 
assumed to be the most accurate. The capacity of numerical 
models to characterize complex aquifers and the prohibitive 
expense of attempting to delineate a capture zone by 
physical means (observation wells, tracer tests, 
hydrogeological mapping) makes this conclusion the only 
choice. However, the most complex model need not be the 
most practical for an area. Bair and Roadcap (1992) suggest 
that the model that simplifies the aquifer/well system as 
much as possible while preserving the essential 
hydrogeologic features can adequately provide a capture zone 
model for that system. A simple system may not require the 
most flexible or complex model available to predict an 
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WELLHEAD-PROTECTION AR.EA DELINEATION RESULTS 
Fixed-Radii Methods 
Arbitrary Fixed Radii 
Radii of 200 and 400 feet from each well result in WHPA 
areas of 0.01 and 0.04 square miles (figure 19). These are 
the smallest of the WHPAs delineated in this study. 
Calculated Fixed Radii 
Composite 10- and 25-year WHPAs (table 10) with 
porosities of 0.15, 0.25, or 0.35 are shown as slightly 
lobed circular areas which increase in area with decreasing 
porosity (figure 20). The resulting WHPA is centered around 
the production wells. 
Table 10. Area of WHPAs, determined from the 
calculated-fixed radius method. 
10-Xesr WHPA 
Porosity radius ( ft) Area (sq. 
0.15 2300 0.60 
, 0 .25 1800 0.36 
0.35 1500 0.25 
25-Year WHPA 
0.15 3600 1.46 
0.25 2800 0.88 





















Figure 19. Wellhead protection areas using the arbitrary 
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Figure 20. Calculated fixed radius wellhead protection 
areas using porosities of 0.15, 0.25, and 0.35 




Modeled capture zone area remained constant when 
hydraulic conductivity was varied among 40, 70, and 100 
feet/day, while change in area was inversely proportional to 
change in porosity values at both 10 and 25 years (figure 
21}. Although capture zone area did not vary with a change 
in hydraulic conductivity, the capture zone was offset 
toward the southwest as hydraulic conductivity increased 
(figure 22). Figure 22 shows capture zones generated at 
only one porosity (0.25) since the pattern was the same 
regardless of porosity. As porosity increased, the area of 
the capture zones increased in all directions, though 
predominantly upgradient (figure 23). Twenty-five- year 
capture zones are shown in figures 22 and 23 because 
differences created by changing parameters are more obvious 
at the longer times. Differences between modeled scenarios 
would become apparent in less time in aquifers with higher 
hydraulic gradients or hydraulic conductivities. Complete 
results from RESSQC are in Appendix F. 
GPTRAC (Semi-Analytical Option). Seventy-two analyses 
with varying combinations of hydraulic conductivity, 
porosity, and recharge were run at 10 and 25 years (Appendix 
G}. When recharge was greater than zero, capture zone size 
increased with increasing hydraulic conductivity and 
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Areas of 10-year Capture Zones 
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Figure 21. Capture zone areas using RESSQC with changes 
in hydraulic conductivity and porosity at 
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Figure 22. RESSQC 25-year capture zones using hydraulic 
conductivities of 40, 70, and 100 ft/day. 
Porosity is 0.25. 
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Figure 23. RESSQC 25-year capture zones using porosities of 
0.15, 0.25, and 0.35. Hydraulic conductivity is 
70 ft/day. 
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{figures 24, 25, and 26). The decrease in capture zone area 
with change in hydraulic conductivity contrasts with the 
results from RESSQC where area remained constant as 
hydraulic conductivity changed. The same upgradient shift 
in capture zone position as hydraulic conductivity increased 
was seen, though it was smaller (figure 27). When porosity 
was decreased (figure 28) the northern edges remain 
coincident and the computed capture zone expands upgradient 
to the south. 
When GPTRAC was run with recharge held at zero, capture 
zone area decreased with increasing hydraulic conductivity 
and/or increasing porosity (figure 29). The change of 
capture zone area with respect to hydraulic conductivity is 
the reverse (decreasing as opposed to increasing area as 
hydraulic conductivity increases) of GPTRAC models where 
recharge is at least 6. 5 x 10·• ft/day. 
MODFLOW/SURFER/GWPATH 
Capture zone areas generated by GWPATH increase with 
decreasing specific yield, as do those generated by RESSQC 
and GPTRAC (figure 30). However, changes in area with 
changes in hydraulic conductivity are irregular, 
particularly at 10 years. Capture zones tend to be slightly 
asymmetrical and irregularly shaped, becoming more 
asymmetrical as the cone of depression expands with 
decreasing hydraulic conductivity (figure 31). Size 
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Figure 24. Capture zone areas using GPTRAC with changes 
in hydraulic conductivity and porosity at a) 10 
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Figure 25. Capture zone areas using GPTRAC with changes 
in hydraulic conductivity and porosity at a) 10 
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Figure 26. Capture zone areas using GPTRAC with changes 
in hydraulic conductivity and porosity at a) 10 
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Figure 27. GPTRAC 25-year capture zones using hydraulic 
conductivities of 40, 70, and 100 ft/day. 




















Figure 28. GPTRAC 25-year capture zones using porosities of 
0.15, 0.25, and 0.35. Hydraulic conductivity is 
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Figure 29. Capture zone areas with changes 
in hydraulic conductivity and porosity at 
a) 10 and b) 25 years and no recharge. 
a} 
b) 
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Figure 30. Capture zone areas using MODFLOW/SURFER/GWPATH 
with changes in hydraulic conductivity and 
porosity at a) 10 and b) 25 years. 
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I 0.5 mile I 
Figure 31. MODFLOW/SURFER/GWPATH 25-year capture zones 
using hydraulic conductivities of 40, 70, and 
100 ft/day. Specific yield is 0.175 and 
porosity is 0.25. 
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remains virtually unchanged (figure 32). All capture zones 















•' ______ • __ .J 
0.5 mile 
MODFLOW/SURFER/GWPATH 25-year capture zones 
using specific yields of 0.105, 0.175, and 
0.245. Porosity is 0.15, 0.25, and 0.35, 
respectively. Hydraulic conductivity is 
70 ft/day. 
DISCUSSION 
The accuracy of any delineation method depends on how 
well it characterizes the hydrogeology of the aquifer/well 
system. Despite using the same input data for each WHPA 
delineation method in this report, the results from each are 
different (figures 33, 34, 35, and 36). These disparities 
are due to the different sets of simplifying assumptions 
required for each model. 
With all methods of delineation (except arbitrary fixed 
radius), capture zones vary in size or shape with changes in 
one or more input parameters. In general, hydraulic 
conductivity of 40 ft/day and porosity of 0.35 produced the 
smallest, most circular areas (figures 33 and 35), while 100 
ft/day and 0.15 resulted in the largest and most elongate 
capture zones (figures 34 and 36). 
Arbitrary Fixed-Radius Method 
The fixed-radius method of WHPA delineation does not 
produce a capture-zone model because no site-specific data 
are used. There are no assumptions which affect the size or 
shape of a fixed-radius WHPA. The larger the radius chosen, 
the more protective the resulting WHPA will be. As the 
















Figure 33. Comparison of capture zones at 10 years. 






Figure 34. Comparison of capture zones at 10 years. 




Figure 35. Comparison of capture zones at 25 years. 









Figure 36. Comparison of capture zones at 25 years. 
Hydraulic conductivity is 100 ft/day, porosity 
is 0.15. 
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develops downgradient of the wells. This becomes a 
liability at higher hydraulic conductivities or gradients 
where the downgradient edge of the actual capture zone is 
closer to the production wells than the upgradient edge. 
The 400 foot radius WHPA shown in figures 33, 34, 35, 
and 36 is considerably smaller than any of the modeled 
capture zones, with an area of 0.04 mi' as compared to the 
smallest 10-year MSG capture zone area of 0.15 mi'. 
Velocity calculations using Darcy's Law show that a 400 foot 
radius is not large enough to protect the municipal water 
supply at Larimore. 
Calculated Fixed-Radius Method 
This method is an improvement over the fixed-radius 
method because it incorporates site-specific data. Although 
the size of each capture zone is comparable to the size of 
those calculated using RESSQC, the position of the 
fixed-radius capture zone is consistently shifted northeast 
relative to all other capture zones (figures 33, 34, 35, and 
36) . 
The assumptions of a fully penetrating well in a 
confined aquifer with a horizontal potentiometric surface 
are not met at Larimore. Assuming a horizontal 
potentiometric surface results in a modeled capture zone 
that expands outward from producing wells equally in all 
directions. This shifts the outline of the capture zones 
too far downgradient (northeast) from the pumping wells and 
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results in over-protection downgradient and under-protection 
upgradient (figures 33, 34, 35, and 36). Greater disparity 
between predicted and actual capture zones occurs with 
increasing hydraulic gradient. The actual capture zone 
elongates and extends farther upgradient (southwest) in 
comparison to the fixed-radius model. 
The effect of increasing hydraulic conductivity is 
comparable to increasing gradient and results a in more 
elongate capture zone (figure 34 and 36). However, as the 
fixed-radius method is only a volumetric calculation it does 
not include hydraulic conductivity. The shape and area of 
the fixed-radius capture zone cannot be adjusted to account 
for the variability of hydraulic conductivity. The 
assumption of confined conditions also affects the size of 
this capture zone, as explained in the following section. 
RESSQC 
The analytical equations for regional groundwater flow 
and flow to a well used in RESSQC are more representative of 
the aquifer/well system than either of the fixed-radius 
methods because they account for more site-specific 
information. Unlike fixed-radius methods RESSQC estimates 
actual capture zones based on a simple model of the local 
flow field. The RESSQC capture zones are similar in size to 
the calculated fixed-radius zones, but in all cases are 
shifted upgradient (figures 33, 34, 35, and 36). The 
capture zones are more circular at low hydraulic 
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conductivity and high porosity and become increasingly 
elongate as hydraulic conductivity increases and porosity 
decreases. 
While RESSQC presents a more realistic model of the 
aquifer and wellfield, the simplifying assumptions of the 
model have an effect. Representing a thin, unconfined 
aquifer as confined results in underestimation of capture 
zone area, since RESSQC does not account for the reduction 
in saturated thickness around a well in an unconfined 
aquifer. As saturated thickness decreases, the ability of 
an aquifer to transmit water to a well also decreases. If 
all other variables are held constant the capture zone must 
increase in size to maintain a constant discharge. The 
effect becomes important when drawdown is more than 10% of 
the saturated thickness (Blandford and Huyakorn, 1991). At 
Larimore, drawdown is as much as two-thirds of saturated 
thickness (H. Godsey, Larimore Water Plant Manager, oral 
commun. , 1992) . 
The large drawdowns at Larimore pose an additional 
problem for RESSQC because of nonlinearity of groundwater 
flow. When drawdown is large, the proportion of non-linear 
groundwater flow increases. Because hydraulic head and 
saturated thickness are coupled in unconfined flow, the 
superposition of solutions to two-dimensional flow equations 
will not provide an accurate representation of the composite 






depression and capture zone will be smaller than the true 
cone of depression and capture zone (Fetter, 1988, p. 201). 
The assumption of non-leaky, confined conditions does 
not allow the addition of recharge and is not realistic when 
modeling a shallow, unconfined aquifer. The RESSQC capture 
zones are much larger than those generated by either GPTRAC 
or MODFLOW/SURFER/GWPATH, both of which incorporate 
recharge. 
The assumption of a uniform flow field will always 
result in capture zones that are symmetrical with respect to 
the direction of regional groundwater flow. The more 
irregular the water table, the more problematic the 
assumption of a planar flow field becomes. When compared to 
the nearly symmetrical capture zones produced by 
MODFLOW/SURFER/GWPATH (MSG), which incorporates a 
non-uniform flow field, it is apparent that this particular 
assumption is not a significant drawback at Larimore. 
GPTRAC (Semi-Analytical Option) 
Three GPTRAC capture zones represent different rates of 
recharge, 0 (GPT-zero), 6.Sx10-• (GPT-dry), and 2.SxlO·' 
ft/day (GPT-wet) (figures 33, 34, 35, and 36). The boundary 
of GPT-zero always lies just outside the capture zone 
generated by RESSQC, despite using the same input data. 
This difference is the result of using GPTRAC when drawdown 
in an unconfined aquifer is large relative to saturated 
thickness. Dewatering reduces transmissivity around the 
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pumping wells, steepening the cone of depression, which in 
turn increases flow velocity. The higher velocity results 
in a larger capture zone. Large drawdown also results in 
significant vertical flow into the wells which is ignored by 
GPTRAC. Where there is significant vertical flow, drawdown 
should be mathematically adjusted to a smaller value 
(Kruseman and de Ridder, 1990, p. 101). The resulting 
increased flow into the well compensates for the otherwise 
neglected vertical flow. When drawdown is not corrected the 
vertical flow can only be replaced by deepening the cone of 
depression, which increases groundwater velocity and the 
predicted size of the capture zone. 
While RESSQC capture zone areas remain constant when 
hydraulic conductivity varies, GPTRAC capture zone areas 
increase with decreasing hydraulic conductivity when 
recharge is zero {figure 26). As hydraulic conductivity 
decreases from 100 ft/day to 40 ft/day the cone of 
depression around the wells steepens, transmissivity 
decreases, and groundwater velocity increases. To maintain 
a constant production rate the well will bring water in from 
farther away, increasing capture zone size. 
Adding recharge to the model markedly decreases the 
size of capture zones, with larger amounts of recharge 
resulting in smaller capture zones. The inclusion of 
recharge also reverses the trend toward increasing capture 
zone area with decreasing hydraulic conductivity {compare 
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figure 29 to figures 24, 25, and 26). A comparison of three 
capture zones at different hydraulic conductivities shows 
that the capture zone with the largest area within the 
maximum of influence by recharge (see table 6) is the 
capture zone with the lowest hydraulic conductivity, K = 40 
ft/day (figure 37). Wells in the capture zones with the 
lowest hydraulic conductivity receive the largest percentage 
of their production from recharge and the least from 
upgradient flow, thus the upgradient tail and the total area 
of the capture zone will be the smallest. 
MODFLOW/SURFER/GWPATH 
The MODFLOW/SURFER/GWPATH (MSG) combination delineates 
capture zones which tend to be intermediate in area between 
GPT-dry and GPT-wet (figures 33, 34, 35, and 36). The 
shapes are somewhat nonsymmetrical and more irregular than 
capture zones delineated by other methods. 
One of the most significant differences between MSG and 
other methods in this report is the use of a nonuniform flow 
field calibrated to measured heads. This allows reverse 
pathline velocity and orientation to accommodate the actual 
water table geometry. The result is nonsymmetrical, 
irregular capture zones, which should more accurately 
represent aquifer conditions. Although the water table 
upgradient of Larimore (figure 5) appears relatively 
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Figure 37. GPTRAC 25 year capture zones using hydraulic 
conductivities of 40, 70, and 100 ft/day. 
Circles are the maximum area influenced by 
recharge. 
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featureless, all four example capture zones are 
nonsymmetrical. Topographic variation on the water table 
also accounts for the irregular changes in capture zone area 
with changes in hydraulic conductivity and porosity (figure 
30) . Because gradient vari.es throughout the mapped area, 
velocity along the reverse pathlines also varies and so must 
capture zone area. Using MODFLOW to generate cones of 
depression solves several problems the WHPA 2.0 programs 
present when modeling thin, unconfined aquifers. The 
numerical approximation used by MODFLOW is not limited by 
the assumption that drawdown is small relative to saturated 
thickness. Numerical approximation also eliminates the 
necessity of superimposing solutions for cones of depression 
which are not really linear. By merging MODFLOW-generated 
cones of depression into a local water-table map, recharge 
is implicitly included in all parts of the mapped area. 
This avoids the problem of limiting recharge to a small area 
around the producing wells. 
The geometry of the cone of depression is important in 
determining the velocity of water flowing to the well, which 
in turn, directly impacts the size of a capture zone. A 
lower hydraulic conductivity, a higher rate of pumping, or a 
longer pumping time will result in a larger, deeper cone of 
depression. 
The prepumping maps at hydraulic conductivities of 40, 
70, and 100 ft/day all show groundwater mounds around the 
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production wells (figure 38) suggesting that an appropriate 
model should have either an increased hydraulic conductivity 
or a decreased pumping rate or duration, or some 
combination. A definitive choice cannot be made from the 
data available for this study, but the effects are the least 
at a hydraulic conductivity of 100 ft/day (figure 38). 
It is possible that an estimate of hydraulic 
conductivity of 100 ft/day is too low. A pumping test on 
the city wells is needed to answer this question. 
Alternatively, the part of the conceptual model related to 
the city well production may be at fault. Assuming that 
pumping all three wells constantly at an average production 
rate for ten years, instead of using the periodic schedule 
and rotation that really occurs, may result in a modeled 
cone of depression that is too large. using the same 
pumping rate in the model, but pumping all three wells for a 
shorter time would also reduce the size of the cone of 
depression. 
The choice of how to modify the model to more closely 
fit the field conditions may influence the results of the 
capture zone analysis. Increasing or decreasing the pumping 
rate or duration of pumping in the model will increase or 
decrease the volume (or capture zone area) of aquifer 
required to supply the wells. Changes in modeled values of 
hydraulic conductivity may change the shape of the capture 
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Comparison of Analytical and Numerical Methods 
Each of the conceptual models assumes one homogeneous, 
isotropic layer that can be represented by an average 
hydraulic conductivity. Hydraulic conductivity may exhibit 
significant changes over fairly short distances, both 
horizontally and vertically. Several residents familiar 
with the stratigraphy revealed in water well borings noted 
the presence of a 1-to-2 foot thick, clay layer ("blue 
clay") at depths from 10 to 25 feet. Sediments beneath the 
clay are reported to be much more conductive than those 
above. Methods used to estimate the hydraulic 
conductivities used in these models can mask the presence of 
one or more layers with significantly higher values. The 
highly conductive layers could cause the flow of 
contaminated groundwater to arrive at production wells years 
ahead of predictions based on average hydraulic conductivity 
(Ronen and others, 1993). 
Large changes in horizontal hydraulic conductivity may 
also occur. A local farm operator reported that the 
productivity of identical irrigation wells, drilled within a 
few hundred feet of one another, varies markedly (J. 
Larimore, landowner, oral commun., 1993), although this may 
also be a function of well construction. The possibility of 
large changes in hydraulic conductivity over short distances 
introduces more uncertainty into modeling. 
I r 
SUMMARY 
The MODFLOW/SURFER/GWPATH (MSG) package probably more 
closely depicts the combined capture zones at the municipal 
wellfield in Larimore than any other method used in this 
study. MODFLOW can approximate cones of depression for 
shallow, unconfined aquifers with large drawdown relative to 
saturated thickness and accurately superpose overlapping 
cones of depression. Combining the cones of depression with 
a non-uniform flow field and adjusting to match 
field-measured heads accounts for recharge and provides the 
most realistic input for the particle tracking program 
(GWPATH) • 
Although GPTRAC requires a more simplistic conceptual 
model than MSG, capture zones generated using the recharge 
option are similar to MSG capture zones in size, shape, and 
location. The assumptions of a uniform flow field, and 
Dupuit flow (Dupuit, 1863) do not limit the application of 
GPTRAC to the Larimore wells. However, when recharge is 
assumed to be zero, the resulting capture zones become much 
larger than GPTRAC simulations with recharge. GPTRAC, with 
recharge set at zero, and RESSQC, which does not allow 





Neither the arbitrary fixed radius nor the calculated 
fixed radius methods are appropriate for Larimore. A 
circular capture zone will always create areas of over- or 
under-protection in natural groundwater systems where 
hydraulic gradients exist. An arbitrary, fixed-radius 
capture zone does not accommodate local conditions in the 
wellfield or aquifer. The calculated, fixed-radius method 
accounts for porosity, but hydraulic conductivity and 
gradient are not included in the calculation. These two 
variables are factors in determining capture zone size, 
shape, and location. The extent of over- and 
under-protection will increase as hydraulic conductivity and 
gradient increase. 
The MSG method should be useful for determining capture 
zones (WHPAs) for wells or wellfields in shallow, unconfined 
aquifers similar to the Elk Valley aquifer, when there are 
sufficient water level data to give good representation of 
the surface of the water table. The more complex the water 
table is, the greater the number of observation wells 
necessary to map the surface. Where fewer data are 
available, GPTRAC used with an estimated recharge may be an 
adequate alternative. When an aquifer flow system is 
relatively simple and approaches the assumptions on which 
GPTRAC is based, such as at Larimore, then GPTRAC may be 
considered as an alternative method requiring fewer data and 
less computational effort than MSG. 
APPENDICES 
APPENDIX A 
LIST OF OBSERVATION WELLS 
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LIST OF OBSERVATION WELLS 
TOTAL SCREENED 
WELL LOCATION DEPTH INTERVAL RISER 
NO. STATUS' (ft) (ft) ELEV(ft) BY' TYPE' 
L-1 NE NW NE 7 25 24-25 1133.73 UND 1 
T151N-R54W 
November 1992 
L-2 SE SE SW 12 26 25-26 1131. 52 UND 1 
Tl51N-R55W 
November 1992 
L-3 NE SE NE 12 11 10-11 1112.27 UNO 1 
T151N-R55W 
November 1992 
L-4 NE NW SW 7 16 15-16 1114.26 UNO 1 
Tl51N-R54W 
November 1992 
L-5 NE NE SW 18 25 24-25 1132.81 UND 1 
Tl51N-R54W 
November 1992 
L-6 SW NW SW 18 19 18-19 1129.02 UND 1 
Tl51N-R54W 
November 1992 
L-7 SW SE SW 7 24 22-24 1126.82 NDGS 2 
Tl51N-R54W 
November 1992 
L-8 SW SE SW 7 40 38-40 1126.43 NDGS 2 
Tl51N-R54W 
November 1992 
L-9 SE SE SE 12 37.5 35.5-37.5 1134.67 NDGS 2 
T151N-R55W 
November 1992 
L-10 SE SE SE 12 26 24-26 1135.06 NDGS 2 
Tl51N-R55W 
November 1992 





WELL LOCATION DEPTH INTERVAL RISER 
NO. STATUS' (ft) ( ft) ELEV(ft) BY' TYPE' 
L-12 SE SE SE 7 48 43-45 1117.26 NDSWC 3 
T151N·R54W 
Active 
L-13 NE NE NE 13 ? ? 1127.00 USGS 4 
T151N-R55W 
Active 
L-14 NE NE NE 24 33 28-33 1130.34 NDSWC 3 
T151N·R55W 
Active 
L-15 SW SW SW 19 35 30-35 1129.54 NDSWC 3 
T151N-R54W 
Active 
L-16 NWNWNW7 43 38-43 1110.10 NDSWC 3 
T151N-R54W 
Active 
L-17 NWNWNW7 15 4-14 1110.42 NDSWC 3 
T151N-R5·4W 
Active 
L-18 NE NE SW 12 25 24-25 1131. 71 UND 1 
T151N-R55W 
November 1992 
L-19 NE NE NE 15 40 35-40 1131.41 NDSWC 3 
T151N-R55W 
Active 
L-20 NW NW NW 23 40 35-40 1131.16 NDSWC 3 
T151N·R55W 
Active 
L-21 SW SW SW 23 28 23-28 1129.13 NDSWC 3 
Tl51N-R55W 
Active 
L-22 SW SW SW 24 50 45-50 1127.50 NDSWC 3 
T151N-R55W 
Active 





WELL LOCATION DEPTH INTERVAL RISER 
NO. STATUS' ( ft) (ft) ELEV (ft) BY' TYPE' 
L-24 SE SE SE 19 33 28-33 1128.18 NDSWC 3 
T151N-R54W 
Active 
L-25 NW NW NW 31 33 28-33 1125.50 NDSWC 3 
Tl51N-R54W 
Active 
L-26 SE SE SE 20 43 38-43 1137.11 NDSWC 3 
Tl51N-R54W 
Active 
L-27 NW NW NW 21 43 38-43 1118.71 NDSWC 3 
T151N-R54W 
Active 
L-28 SW SW SE 28 30 25-30 1133.64 NDSWC 3 
Tl51N-R54W 
Active 
L-29 SW SW SE 28 51 46-51 1133.02 NDSWC 3 
Tl51N-R5"4W 
Active 
L-30 NENENE9 23 18-23 1128.87 NDSWC 3 
T151N·R55W 
Active 
L-31 SW SW SW 35 63 58-63 1137.18 NDSWC 3 
T152N-R55W 
Active 












1) Active - well exists and is maintained 
Inactive - well exists and is not maintained 
Date - date of well decommission 
2) UND - Well installed by personnel from the University of 
North Dakota. 
NDGS - Well installed by the North Dakota Geological 
Survey for this project. 
NDSWC - Well installed by the North Dakota State Water 
Commission. 
USGS - Well installed by the United States Geological 
Survey. 
3) Well Types 
1) Wells are constructed of 3/4 inch black, steel 
pipe. For detailed information on well 




logs are found in appendix B. 
Wells are constructed of two inch, schedule 40 PVC. 
lithologic and construction logs are found in 
appendix B. 
Wells are constructed of two inch, schedule 40 PVC. 
Geologic logs can be obtained from the North Dakota 
State Water Commission, State Office Building, 
Bismarck, ND 58505. 
Well·is constructed of one inch PVC. A geologic 
log is found in Part 2 of the Grand Forks County 





LITHOLOGIC AND CONSTRUCTION LOGS 





Well No: L-1 Date: September 1990 
Location: NE NW NE sec. 18 - T. 151 N. - R. 54 w. 
3/4 mi east of state Hwy 18 on county road 4, 
S of railroad tracks 
County: Grand Forks 
State: North Dakota 
ownership: Burlington Northern Right of Way 
GEOLOGIC LOG 
Sampling Method: Cuttings 
Logged By: B. Sahl and J. Brekke 
Sample Description 
Soil, sandy, dark brown, organic matter 
Sand, 10yr4/2, dark gray brown, decreasing 
organic matter 
Silty sand, 10yr5/4, yellow brown 
Silty sand, 10yr5/4, yellow brown, fine 
Sand, slightly silty, 2.5y7/2 
Sand, 2.5y6/2, light brown gray, fine, 
quartz, shale, feldspar 
Sand, 2.5yr6/4, light yellow brown, fine, 
slightly oxidized, clay balls 1/8-3/4 inch 
diameter, quartz, shale, feldspar 
A/A, increasing silt, shale fragments, 
occasional shale pebbles and cobbles 
Clay, slightly silty, 2.5yr4/4, some 
laminations, shale fragments, oxidized 
Clay, slightly silty, 2.5y(?), dark 
gray brown, some laminations, shale 
fragments, some oxidation 
Clay, silty, 7.5yrN51(?), gray, 
saturated "blue clay", dilatant 
Silty clay, 10yr3/2, very dark gray 
brown, some oxidation 
Depth (feet) 
from to 















WELL RECORD FOR L-1 CONTINO'ED 
No further description 
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WELL DATA 
Total Depth - Boring (from GL): 
Total Depth - Well (from TOC): 
Height of Riser (from GL): 0.5 
Elevation of Riser (from MSL): 
23.0 feet 




Boring: 4 inch diameter, hand auger 
Pipe: 5 - 5-foot lengths of 0.75-inch, black steel pipe 
Drive Point: 1.25 feet (see text for detailed explanation) 
Screen: 1-foot screen (see text for detailed explanation) 
Completion: Boring augered to water table then well point 
and screen driven to approximately 25.0 feet 




Well No: L-3 Date: September 1990 
Location: NE SE NE sec. 12 - T. 151 N. - R. 55 W. 
In shelter belt north of 9th St and Terry Ave. 
county: Grand Forks 
State: North Dakota 
OWnership: City of Larimore 
GEOLOGIC LOG 
Sampling Method: Cuttings 






Sand, clayey, becoming less clayey 
with depth 
WELL DATA 




Total Depth - Well (from TOC): 10.0 feet (est.) 
Height of Riser (from GL): 0.25 feet (est.) 
Elevation of Riser (from MSL): 1112.27 feet 
WELL CONSTRUCTION 




Pipe: 2 - 5-foot lengths of 0.75-inch, black steel pipe 
Drive Point: 1.25-foot (see text for detailed explanation) 
Screen: 1-foot screen (see text for detailed explanation) 
completion: Boring augered to seven feet then well point 
and screen driven to approximately 10.0 feet 




Well No: L-4 Date: September 1990 
Location: NE NW SW sec. 7 - T. 151 N. - R. 54 W. 
In shelter belt north of Berwood Ave. 
county: Grand Forks 
state: North Dakota 
ownership: City of Larimore 
GEOLOGIC LOG 
Sampling Method: Cuttings 
Logged By: B. Sahl 
Sample Description 
Topsoil 











Total Depth - Well (from TOC): 16.0 feet (est.) 
Height of Riser (from GL): 0.25 feet (est.) 
Elevation of Riser (from MSL): 1114.28 feet 
WELL CONSTRUCTION 







Pipe: 3 - 5-foot lengths of 0.75-inch, black steel pipe 
Drive Point: 1.25 foot {see text for detailed explanation) 
Screen: 1-foot screen {see text for detailed explanation) 
Completion: Boring augered to water table then well point 
and screen driven to approximately 16.0 feet 






Well No: L-6 Date: January 4, 1990 
Location: SW NW SW sec. 18 - T. 151 N. - R. 54 W. 
E side of shelter belt, S of farmstead 
county: Grand Forks 
State: North Dakota 
ownership: Gary Pazderic 
GEOLOGIC LOG 
Sampling Method: Cuttings 
Logged By: B. Sahl 
Depth 
Sample Description from 
Topsoil, black, fine, sandy 
Sand, very fine to fine, silty, dark brown 
Sand, very fine, tan, quartzose, carb? 
crusts and oxidation at 3.5+ feet 
Sand, very fine, silty, with black clay 
blebs 
A/A, less blebs, becoming predominately 
fine with some very fine and medium, 
orange-tan, subangular to subround, 
quartzose, limonite, moderately sorted 
A/A, with gray shale fragments, shale 
increasing to 10 feet, becoming gray 
Sand, medium, quartzose, limonitic 
laminations, shale decreasing to rare, 
small shale stringers, heavily oxidized 
layer at 11 feet 
A/A, saturated 
WELL DATA 









Total Depth - Well {from TOC): 
Height of Riser {from GL): 0.5 
Elevation of Riser {from MSL): 













WELL RECORD L-6 CONTINUED 
WELL CONSTRUCTION 
Boring: 4-inch diameter, hand auger 
--- --------------~ 
Pipe: 4 - 5-foot lengths of 0.75-inch, black steel pipe 
Drive Point: 1.25 foot (see text for detailed explanation) 
screen: 1-foot screen (see text for detailed explanation) 
Completion: Boring augered to water table then well point 
and screen driven to approximately 19.5 feet 





Well No: L-7 
102 
WELL RECORD 
Date: October 18, 1990 
Location: SW SE SW sec. 7 - T. 151 N. - R. 54 W. 
SE of Good Samaritan Home lawn. Three feet south 
of L-8. 
County: Grand Forks 
State: North Dakota 
Ownership: Good Samaritan Nursing Home 
GEOLOGIC LOG 
Not logged. See L-8 for description. 
WELL DATA 
Total Depth· Boring (from GL): 24 feet 
Total Depth· Well (from TOC): 23.29 feet 
Height of Riser (from GL): 0.78 feet 
Elevation of Riser (from MSL): 1126.82 
WELL CONSTRUCTION 
Boring: 8-inch diameter, truck-mounted, hollow-stem auger 
Pipe: 2-inch, sch. 40 PVC, solvent weld 
screen: 2-feet hand-slotted PVC(a/a), wrapped with PVC 
landscape fabric 
Completion: Natural sand pack around screen, backfilled 




Well No: L-8 Date: October 18, 1990 
Location: SW SE SW sec. 7 · T. 151 N. - R. 54 W. 
SE lawn of Good Samaritan Home 
County: Grand Forks 
State: North Dakota 
ownership: Good Samaritan Nursing Home 
GEOLOGIC LOG 
Sampling Method: Drive cores from 0.0 - 20.0 feet 
Cuttings from 25.0 · 40.0 feet 
Logged By: P. Gerla 
Sample Description 
Silty sand, fill and topsoil, very 
dark gray, organic-rich 
Sand, fine to medium, shale-rich, 
light grayish brown with increasing 
iron-oxide to 13.5 feet, occasional 
roots and root casts 
Sand, fine to medium, oxidized, cross-
bedded and interlayered shale-rich and 
quartzose sand 
As above, saturated 
No description 
As above with gray to dark gray, 
unoxidized clayey sand layers 
No description 
Clayey sand, fine to medium, dark 
gray, unoxidized 
WELL DATA 
Total Depth - Boring {from GL): 40 feet 
Total Depth· Well (from TOC): 40.35 feet 
Height of Riser {from GL): 0.43 feet 


















WELL RECORD L·B CONTINUED 
WELL CONSTRUCTION 
Boring: 8-inch diameter, truck-mounted, hollow-stem auger 
Pipe: 2·inch, sch. 40 PVC, solvent weld??? 
Screen: 2-feet hand-slotted PVC(a/a), wrapped with PVC 
landscape fabric 
completion: Natural sand pack around screen, backfilled 
with cuttings to surface 
R · Hi .. · 
105 
WELL RECORD 
Well No: L-9 Date: October 19, 1990 
Location: SE SE SE sec. 12 - T. 151 N. - R. 55 w. 
South of ambulance garage 
county: Grand Forks 
State: North Dakota 
ownership: City of Larimore 
GEOLOGIC LOG 
Sampling Method: Cuttings from 0-3.5 and 35-37.5 feet 
Drive cores from 3.5-31.25 feet 
Logged By: J. Brekke and B. Sahl 
Sample Description 
Silty sand, fill and topsoil, 
very dark gray, organic-rich 
Sand, fine to medium, shale-rich, 
increasing iron-oxide staining to 
13.5 feet, occasional roots and 
root casts 
Sand, fine to medium, cross-bedded, 
and interlayered shale-rich and 
quartzose sand 
As above, saturated 
Clayey sand, medium, dark gray, 
unoxidized 
No description 
Clayey sand, fine to medium, dark 
gray, unoxidized 
WELL DATA 
Total Depth - Boring (from GL): 37.5 feet 
Total Depth - Well (from TOC): 39.92 feet 
Height of Riser (from GL): 3.42 feet 











WELL RECORD L9 CONTINUED 
WELL CONSTRUCTION 
Boring: 8-inch diameter, truck-mounted, hollow-stem auger 
Pipe: 2-inch, sch. 40 PVC, solvent weld??? 
screen: 2-feet hand-slotted PVC(a/a), wrapped with PVC 
landscape fabric 
Completion: Natural sand pack around screen, 1-foot thick 
layer of 0.25-inch bentonite pellets at water 
table, backfilled with cuttings. 
Other: 4-inch diameter PVC protective casing set in 
concrete over well riser. 
Well No: L-10 
107 
WELL RECORD 
Date: October 19, 1990 
Location: SE SE SE sec. 12 - T. 151 N. - R. 55 W. 
South of ambulance garage. Three feet west of 
L- 9. 
County: Grand Forks 
State: North Dakota 
OWnership: City of Larimore 
GEOLOGIC LOG 
Not logged. See L-9 for description. 
WELL DATA 
Total Depth - Boring (from GL): 26 feet 
Total Depth - Well (from TO protective csg): 24.58 feet 
Height of Protective Casing (from GL): 2.95 feet 
Elevation of Protective Casing (from MSL): 1135.06 
WELL CONSTRUCTION 
Boring: 8-inch diameter, truck-mounted, hollow-stem auger 
Pipe: 2-inch, sch. 40 PVC, solvent weld 
Screen: 2-feet hand-slotted PVC(a/a), wrapped with PVC 
landscape fabric 
Completion: Natural sand pack around screen, 1 foot thick 
layer of 0.25-inch bentonite pellets at water 
table, backfilled with cuttings 
Other: 4-inch diameter PVC protective casing set in 
concrete over well riser 
108 
WELL RECORD 
Well No: L-18 Date: July 4, 1991 
Location: NE NE SW sec. 12 - T. 151 N. - R. 55 W. 
Barret and 7th, Larimore, west side 
County: Grand Forks 
State: North Dakota 
OWnership: City of Larimore 
GEOLOGIC LOG 
Sampling Method: Cuttings 
Logged By: B. Sahl 
Sample Description 
Topsoil, black 
Sand, silty, angular to subround, iron 
stain, quartz, shale fragments 
Sand, a/a, some coarse, mud balls 
common, up to 2 inches diameter 
Clay, sandy, dark brown to black 
Sand, clayey, dark brown, subround, 
quartzose 
Sand, orange-brown, fine to medium, 
subround, laminated, rare to common 
mudballs, iron stain, quartz, feldspar, 
shale 
Sand, brown-gray with iron stained 
laminations, fine to medium, rare 
mudballs 
Sand, tan to orange, fine to medium, 
laminated, quartz, shale, feldspar 
Sand, silty above 10 feet, 
orange-gray, fine grain, laminated 
Silt, sandy, laminated, occasional 
mudballs 
Sand, gray-green to black to orange, 
fine to medium, silty clay blebs 


































Total Depth - Boring (from GL): 
Total Depth - Well (from TOC): 
Height of Riser (from GL): 0.5 
Elevation of Riser (from MSL): 
19.5 feet 




Boring: 4-inch diameter, hand auger 
18.0 
19.5 
Pipe: 5 - 5-foot lengths of 0.75-inch, black steel pipe 
Drive Point: 1-1/4 foot (see text for detailed explanation) 
Screen: 1-foot screen (see text for detailed explanation) 
Completion: Boring augered to water table then well point 
·and screen driven to approximately 25.0 feet 







WATER LEVEL DATA 
110 
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Depth to water in feet - 1990 
(depths measured from top of riser) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev. 9/11 9/30 11/13 12/8 
L 1 1133.73 10.01 22.88 22.66 22.67 
L 2 1131. 52 21. 69 21. 50 21.03 20.61 
L 3 1112.27 6.56 6.00 5.16 4.86 
L 4 1114.28 11. 65 11.30 8.70 7.87 
L 5 1132.81 21.78 20.43 
L 7N-S 1126.82 16.10 16.15 
L 8S-D 1126.43 15.67 15.72 
L 9E-D 1134.67 22.19 22.29 
LlOW-S 1135.06 22.58 22.67 
Water Table Elevation- 1990 
(elevations are feet above MSL) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev. 9/11 9/30 11/13 12/8 
L 1 1133.73 1123.72 1110.85 1111.07 1111.06 
L 2 1131. 52 1109.83 1110.02 1110.49 1110.91 
L 3 1112.27 1105.71 1106.27 1107.11 1107.41 
L 4 1114.28 1102.63 1102.98 1105.58 1106.41 
L 5 1132.81 1111.03 1112.38 
L 7N-S 1126.82 1110.72 1110.67 
L 8S-D 1126.43 1110.76 1110.71 
L 9E-D 1134.67 1112.48 1112.38 






Depth to water in feet - 1991 
(depths measured from top of riser) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev. 2/4 5/28 
L 1 1133.73 22.76 22.86 
L 2 1131. 52 19.76 18.58 
L 3 1112.27 4.56 2.74 
L 4 1114.28 7.07 6.19 
L 5 1132.81 19.44 19.25 
L 6 1129.02 15.07 
L 7N-S 1126.82 16.27 16.12 
L 8S-D 1126.43 15.85 15.70 
L 9E-D 1134.67 22.40 
LlOW-S 1135.06 22.78 
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Depth to water in feet - 1991 continued 
7/23 7/25 10/19 
11 22.54 22.41 
12 18.34 17.86 
L3 3.11 3.26 
L4 8.90 6.77 
LS 19.92 19.94 
L6 13.70 13.66 
L7N-S 15.87 15.90 
18S-D 15.44 15.50 
L9E-D 22.02 22.15 
LlOW-S 22.41 22.41 
111 8.10 8.32 
112 5.58 6.11 
113 14.21 14.25 
L14 13.11 13. 30 
115 11.39 11.85 
116N-D 6.21 6.95 
117S-S 6.43 7.18 
118 20.90 17.91 
119 11.26 11.19 
L20 11.18 11.66 
121 9;89 10.56 
L22 8. 91 9.39 
L23 16.22 16.33 
124 11. 75 12.60 
125 7.74 7.85 
L26 24.24 24.62 
127 8.62 9.09 




Water Table Elevation - 1991 
(elevations are feet above MSL) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev. 2/4 5/28 
L 1 1133.73 1110.97 1110.87 
L 2 1131.52 1111. 76 1112.94 
L 3 1112.27 1107.71 1109.53 
L 4 1114.28 1107.21 1108.09 
L 5 1132.81 1113.37 1113.56 
L 6 1129.02 1113.95 
L 7N-S 1126.82 1110.55 1110.70 
L 8S-D 1126.43 1110.58 1110.73 
L 9E-D 1134.67 1112.27 
LlOW-S 1135.06 1112.28 




















































Water Table Elevation - 1991 continued 
7/23 7/25 10/19 
Ll 1111.19 1111.32 
L2 1113.18 1113.66 
L3 1109.16 1109.01 
L4 1105.38 1107.51 
LS 1112.89 1112.87 
I 
L6 1115.32 1115.36 
' L7N-S 1110.95 1110.92 
L8S-D 1110.99 1110.93 
L9E-D 1112.65 1112.52 
LlOW·S 1112.65 1112.65 
Lll 1109.97 1109.75 
Ll2 1111. 70 1111.17 
Ll3 1112.79 1112.75 
L14 1117.23 1117.04 
L15 1118.15 1117.69 
L16N·D 1103.89 1103.15 
I 
L17S·S 1103.99 1103.24 
Ll8 1110.81 1113.80 
Ll9 1120.15 1120.22 
I 
' 
120 1119.98 1119.50 
121 1119.24 1118.57 
L22 1118;59 1118.11 
123 1114.53 1114.42 
124 1116.43 1115.58 
125 1117.76 1117.65 
126 1112.87 1112.49 
L27 1110.09 1109.62 
116 
Depth to water in feet - 1992 
(depths measured from top of riser) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev 2/13 3/20 5/19 10/30 11/1 
L 1 1133.73 22.28 22.33 22.13 22.28 
L 2** 1131.52 15.96 15.71 
L 3 1112.27 2.28 3.40 
L 4 1114.28 5.12 4.96 5.22 
L 5 1132.81 18.94 18.82 19.54 
L 6 1129.02 13 .48 13.46 13.39 13.51 
L 7N-S 1126.82 15.90 15.66 15.61 15.95 
L 8S-D 1126.43 15.39 15.24 15.24 15.50 
L 9E-D 1134.67 22.06 21.95 22.01 22.04 
LlOW-S 1135.06 22.47 22.36 22.40 22.42 
Lll 1118.07 7.72 7.39 n/a 
L12 1117.28 6.24 5.72 5.34 6.24 
L13 1127.00 14. 35 14.18 14.28 14.38 
L14 1130.34 13.33 13.04 13.04 13.10 
L15 1129.54 11. 80 11.61 11.52 
L16N-D 1110.10 7.25 6.40 5.68 7.51 
I ' 
L17S-S 1110.42 7.51 6.66 5.94 7.76 
L18 1131. 71 17.62 17.42 17.50 
L19 1131. 41 11.26 11.17 10.82 11.20 
L20 1131.16 11. 56 11.34 10.94 11. 30 
L21 1129.13 10.26 9.91 9.36 10.01 
L22 1127.50 9.62 9.25 8.34 9.41 
L23 1130.75 16.36 16.27 16.26 16.52 
L24 1128.18 12.70 12.47 12.31 12.45 
L25 1125.50 8.02 7.26 6.67 8.28 
L26 1137.11 24.67 24.44 24.25 24.61 
L27 1118.71 9.33 8.98 8.28 9.23 
L28E-S 1133.64 21.63 21.31 22.75 24.66 24.71 
L29W-D 1133.02 21.32 20.99 22.44 24.35 24.40 
L30 1128.87 7.35 8.34 
L31 1134.18 20.21 20.30 
L32 15.02 




' ' i Water Table Elevation- 1992 
(elevations are feet above MSL) 
Riser elevations in feet above MSL 
Well Riser 
No. Elev 2/13 3/20 5/19 10/30 11/1 
L 1 1133.73 1111.45 1111.40 1111. 60 1111.45 
1 2** 1131. 52 1115.56 1115.81 
1 3 1112.27 1109.99 1108.87 
1 4 1114.28 1109.16 1109.32 1109.06 
1 5 1132.81 1113.87 1113.99 1113.27 
L 6 1129.02 1115.54 1115.56 1115.63 1115.51 
1 7N-S 1126.82 1110.92 1111.16 1111.21 1110.87 
1 8S-D 1126.43 1111.04 1111.19 1111.19 1110.93 
1 9E-D 1134.67 1112.61 1112.72 1112.66 1112.63 
110W-S 1135.06 1112.59 1112.70 1112.66 1112.64 
111 1118.07 1110.35 1110.68 
112 1117.28 1111.04 1111.56 1111.94 1111.04 
113 1127.00 1112.65 1112.82 1112.72 1112.62 
114 1130.34 1117.01 1117.30 1117.30 1117.24 
Ll5 1129.54 1117.74 1117.93 1118.02 
116N-D 1110.10 1102.85 1103.70 1104.42 1102.59 
117S-S 1110.42 1102.91 1103.76 1104.48 1102.66 
118 1131.71 1114.09 1114.29 1114.21 
119 1131. 41 1120.15 1120.24 1120.59 1120.21 
120 1131.16 1119.60 1119.82 1120.22 1119.86 
121 1129.13 1118.87 1119.22 1119.77 1119.12 
122 1127.50 1117.88 1118.25 1119.16 1118.09 
123 1130.75 1114.39 1114.48 1114.49 1114.23 
124 1128.18 1115.48 1115.71 1115.87 1115.73 
125 1125.50 1117.48 1118.24 1118.83 1117.22 
126 1137.11 1112.44 1112.67 1112.86 1112.50 
127 1118.71 1109.38 1109.73 1110.43 1109.48 
L28E-S 1133.64 1112.01 1112.33 1110.89 1108.98 1108.93 
129W-D 1133.02 1111. 70 1112.03 1110.58 1108.67 1108.62 
130 1128.87 1121. 52 1120.53 
131 1134.18 1113.97 1113.88 
132 1129.00 1113.98 









































































































































































. Time Ft-H,O 
10:21:46 +22.846 
t = 0 










Well L12 - 1/2 mile east of Larimore 
Test A 
- - - - - - - - - - - - - - - - - - - -
Program: STEP TEST 
Readings: 48 
Start Time: 13:26:01 
Start Date: 05/26/92 
Range: 0030 PSI 
Channels: 1 
Units: Ft-H,0 



























13:26:43 +26.480 t = 0 
13:26:45 +26.598 























































































































































































































Test 1 aborted at Step 5 
125 
r I ; 
126 
Well L14 - 1 mile south of Larimore 
- - - - - - - - - - - - - - - - - - - -
Program: STEP TEST 
Readings: 66 
Start Time: 15:04:33 
Start Date: 05/26/92 
Range: 0030 PSI 
Channels: 1 
Units: Ft-H,0 















































































































































































































































































































































Test 2 aborted at Step 1 
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APPENDIX E 




Average Production Per Well (gal/day) 
Month 1991 1990 1989 1988 1987 
Jan 37038 50790 77847 84379 69571 
Feb 35519 91349 90000 90286 73163 
Mar 38755 66358 38081 102170 49469 
Apr 41463 65517 43917 68128 63480 
May 46954 73587 54532 62652 43858 
Jun 60000 70279 51117 74560 76212 
Jul 67417 88242 69987 64312 
Aug 50923 63339 74535 54714 
Sep 52587 43217 59060 44985 
Oct 46212 49323 44956 47677 
Nov 43426 55567 63420 52340 
Dec 40160 46613 71947 82829 
Average Production Per Well (ft'/day} 
Month 1991 1990 1989 1988 1987 
Jan 4951.2 6789.7 10406.6 11279.8 9300.2 
Feb 4748.2 12211. 5 12031. 2 12069.4 9780.4 
Mar 5180.7 8870.7 5090.6 13658.1 6613.0 
Apr 5542.8 8758.3 5870.8 9107.4 8486.0 
May 6276.8 9837.1 7289.9 8375.3 5862.9 
Jun 8020.8 9394.9 6833.3 9967.2 10188.0 
Jul 9012.3 11796.2 9355.9 8597.3 
Aug 6807.3 8467.1 9963.9 7314.2 
Sep 7029.8 5777.2 7895.1 6013.6 
Oct 6177.6 6593.4 6009.8 6373.4 
Nov 5805.1 7428.2 8478.0 6996.8 




MODEL RESULTS FOR RESSQC 
135 
/ 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
porosity= 0;25 
T = 1280 ft'/day 
{K = 40 ft/day) 









- '---'---'--'--'--'---'---'--L-..-'--' IP') 







T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
porosity= 0;25 
T = 2240 ft'/day 
(K = 70 ft/day) 






















T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 
porosity= 0;25 
T = 3200 ft'/day 
(K = 100 ft/day) 

















T = 1280 ft'/day 
(K = 40 ft/day) 
time = 9125 days 
porosity = 0.15 
T = 1280 ft1 /day 
(K = 40 ft/day) 
time= 9125 days 
porosity= 0.-25 
T = 1280 ft'/day 
(K = 40 ft/day) 









·- (PT) 0 - - - - ...... 
...., 




..... '---'---'---'--~-'----'---'--''--"---' ...., 




1000 L-_.__....,____._----'-_.._---1..__.__lc__;....__J tpTJ 




T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
porosity= 0;25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
porosity= 0.25 
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..... L---'---'--'----'---'-'---'---'--'--~ (P1) 








T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
porosity= 0;25 
T = 3200 ft'/day 
(K = 100 ft/day) 








...___.___.__.___,__.._,.___.___._--'-_, (l'T) ... ..., - -- ,,_ • 
(l'T) 




MODEL RESULTS FOR GPTRAC (SEMI-ANALYTICAL OPTION) 
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T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge= Oft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge= Oft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
























T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge= 0 ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge= Oft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 










T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge= 0 ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge= Oft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 















r , I 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge= 6.SOxlo·• ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge = 6 . 5 Oxl O ' ft/ day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 















T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge = 6. 50x10·• ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge= 6.50xl0' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
{K = 70 ft/day) 
time= 3650 days 

















T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge = 6. 50x10-, 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
ft/day 
time= 3650 days 
recharge= 6.50x10' ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge= 6.50xl0' ft/day 
porosity= 0.35 
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T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge = l. l 7xlO·' ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge = l. l 7xl0' ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day} 
time= 3650 days 




















T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge = 1. 17xl O ' ft/ day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge = 1.17xlO·' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 














T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge = 1. l 7xlO·' ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge = 1. l 7x10' ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge = 1. l 7xlO·' ft/day 
porosity= 0.35 
151 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge= 2.50xl0' ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day} 
time= 3650 days 
recharge = 2. 50x10' ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 3650 days 
recharge= 2.50x10' ft/day 
porosity= 0.35 
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T = 2240 ft'/day 
{K = 70 ft/day) 
time= 3650 days 
recharge= 2.50xl0' ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
recharge= 2.50xl0' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 3650 days 
















T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge = 2. 5 Oxl O ' ft/ day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
recharge= 2.50xl0' ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 3650 days 
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{K = 40 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
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T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
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T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 0 ft/day 
porosity= 0.35 
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T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 6. 50x10' ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 6. 50xlO·' ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
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T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge = 6. 50xlO·' ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge= 6.50xl0' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
{K = 70 ft/day} 
time= 9125 days 
recharge = 6. SOxlO' ft/day 
porosity= 0.25 
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T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge = 6. 50xlO·' ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 6.50x10·• ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 6.50xl0' ft/day 
porosity= 0.35 
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T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 1. 1 7xl O ' ft/ day 
porosity= 0.15 
T = 1280 ft'/day 
{K = 40 ft/day) 
time= 9125 days 
recharge = 1.17xlO·' ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 1. l 7xlO·' ft/day 
porosity= 0.35 
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T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge = 1.17xlO·' ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge= 1.17xl0' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
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T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge = 1.17x10' ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge = 1.17xlO·' ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 












! • T = 1280 ft'/day 
(K = 40 ft/day} 
time= 9125 days 
recharge= 2.50xl0' ft/day 
porosity= 0.15 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 2. 50x10' ft/day 
porosity= 0.25 
T = 1280 ft'/day 
(K = 40 ft/day) 
time= 9125 days 
recharge = 2. 50xlO·' ft/day 
porosity = 0.35 
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T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge = 2.50x10' ft/day 
porosity= 0.15 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 
recharge :::: 2. 50x10·' ft/day 
porosity= 0.25 
T = 2240 ft'/day 
(K = 70 ft/day) 
time= 9125 days 








..... '---..1.---'---'--'--'-~--'---'-L--1 ...., 
0 aaD 4'ICIII 9NO -» 11GDO 




·- '---'----'--'--L..----'---'----'--J'---'-----' (PT) 
0 ..., .... - - 1'1QIIO 
r 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge= 2.50xlo·• ft/day 
porosity= 0.15 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
recharge = 2. 50x10·' ft/day 
porosity= 0.25 
T = 3200 ft'/day 
(K = 100 ft/day) 
time= 9125 days 
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T = 1280 tt2/day 
(K = 40 ft/day) 
time= 3650 days 
specific yield= 0.10 
porosity= 0.15 
T = 1280 tt2/day 
(K = 40 ft/day) 
time= 3650 days 
specific yield= 0.17 
porosity= 0.25 
T = 1280 ft2/day 
(K = 40 ft/day) 
time= 3650 days 
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T = 2240 ft2/day 
(K = 70 ft/day) 
time= 3650 days 
specific yield= 0.10 
porosity= 0.15 
T = 2240 ft 2/day 
(K = 70 ft/day) 
time= 3650 days 
specific yield= 0.17 
porosity= 0.25 
T = 2240 ft2/day 
(K = 70 ft/day) 
time= 3650 days 
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time= 3650 days 
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porosity= 0.25 
T = 3200 ft 2/day 
(K = 100 ft/day) 
time= 3650 days 
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